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Ghimire, Srijana. Ph.D., Purdue University, December 2014. Synthesis and DNA-
Binding Studies with two Sterically-Friendly Porphyrin Frameworks. Major Professor: 
David R. McMillin. 
 
 
Peripheral substituents on cationic porphyrins play a significant role during 
binding with DNA hosts. Possible applications of these systems in photodynamic therapy 
as well as in anti-bacterial and   anti-cancer therapies motivate the binding studies. For 
characterizing DNA binding motifs different methods are useful including absorption, 
emission, and circular dichroism spectroscopies, as well as viscometry and X-ray 
crystallography. With the classic H2T4 porphyrin, or 5,10,15,20-tetra(N-
methylpyridinium-4-yl)porphyrin, the mode of binding varies with the base composition 
of the DNA host. The porphyrin binds adenine-thymine rich sequences externally 
whereas intercalation occurs in guanine-cytosine rich sequences. The McMillin group has 
made some dicationic porphyrins which are strictly intercalators but the lower positive 
charge decreases binding affinity to DNA. One chapter describes competitive binding 
studies involving a dicatonic porphyrin. Most of the thesis focuses on a new system 
described here which is H2TC3, or (5,10,15,20-tetra[3-(3’-methylimidazolium-1’-
yl)]porphyrin).  By comparison with the classical H2T4 system, H2TC3 exhibits a higher 
molar extinction coefficient but is more prone to self-association. Findings of note 
include that the copper(II)-containing form Cu(TC3) is adept at internalizing into single-
  xxxi
stranded as well as B-form DNA, regardless of the base composition.  Surprisingly, 
however, external binding of H2TC3 occurs within domains that are rich in adenine-
thymine base pairs.  The difference in the deformability of H2TC3 vs. Cu(TC3) probably 
accounts for the reactivity difference.  On the other hand, Zn(TC3) binds externally, as 
the metal center remains five coordinate.  Finally, the thesis describes the palladium 
analogue Pd(TC3). It will be of interest because of the high yield of intersystem crossing 









CHAPTER 1. INTRODUCTION TO PORPHYRINS AND DNA-BINDING STUDIES 
 
1.1 Porphyrin and its Applications 
Porphyrin and its derivatives are a class of chemically and biologically important 
compounds which have a variety of applications in diverse fields such as catalysis,1-4 
medicine,5-13 and materials.14-20 Porphine is the simplest porphyrin molecule which 
contains four pyrrole rings coupled by methine groups at the α-position. The core is 
aromatic with twenty-two π-electrons and contains twenty-six atoms. Due to the full 
aromaticity, porphyrins show strong light absorptions in the visible region which causes 
the deep color on the porphyrins. 21 They can have substituents at different positions but 
the meso and β positions are more common, shown in Figure 1.1. 
 
                                                      







Porphyrins have been used as fluorescence probes in cancer diagnosis and as 
photosensitizers in photodynamic therapy.5 The structural features of the porphyrins 
enable them to interact with a variety of DNA structures. They have a flat structure with 
aromatic core which allows π-interactions with DNA bases. Furthermore, they can have 
variety of substituents including cationic substituents which develops electrostatic 
interactions with negatively charged DNA phosphate backbones .22-26 In addition to this; 
the charge (s) on a porphyrin increases the solubility in aqueous medium. 
Water-soluble cationic porphyrins derivatives are of great concern in 
photodynamic therapy5 as well as in antiviral agents.6,7 They function as effective 
sensitizers for photodynamic therapy (PDT) because of pi-system that gives rise to long 
wavelength visible light absorption i.e, at wavelengths that penetrate the tissue relatively 
efficiently.8,9 PDT has already been verified as a successful method for the treatment of 
macular disease.10 Another encouraging application of PDT for the cationic porphyrins is 
in cancer treatment. Cationic porphyrins direct photodynamic sensitizing action towards 
the polyanionic DNA and can be inhibitors of the enzyme called telomerase which helps 
to increase the reproductive life time of tumor cells.11,12 PDT depends on different 
factors; availability of the light, and presence of photosensitizer and oxygen to damage or 
destroy the infected tissues. This therapy is more convenient than the conventional 
treatment since it can destroy the infected tissues selectively. Additionally, these infected 
cells tend to take up the photosensitizers more easily than the normal cells hence, this 
therapy is easy to administer and lacks some serious side effects. The schematic diagram 




Figure 1.2 Mechanism of PDT. 
 
Indeed, PDT requires three elements: a light source, a photosensitizer, and oxygen.26 
When a photosensitizer is exposed to light, it gets activated and electron(s) moves to 
higher energy. As the excited state returns to the ground state, it can release energy to 
molecular oxygen and generate reactive oxygen species like singlet oxygen and free 
radicals which facilitate cellular toxicity.  
Due to the existence of a small HOMO/LUMO gap, porphyrins have useful the 
photophysical properties. There are two distinct bands in a porphyrin’s absorption 
spectrum. The first one with highly intense peak is Soret band which is formed by the 
absorption of energy from ground state (S0) to the second excited state (S2). This 
absorption is in the range of UV to the visible light. Depending on the substituents it 
ranges from 400 nm to 450 nm. The second absorption bands are the Q bands, which 
occur with the absorption of a photon from ground state (S0) to the first excited state (S1). 
There are four Q-bands in metal free porphyrins. Generally these transitions include 
4 
 
structure vibrations within the molecule permit them to be visible. However, the 
intensities of the bands are greatly reduced.27,28,29 Figure 1.3 shows both Sort and Q-




Figure 1.3 Absorption spectrum of an unmetallated porphyrin. 
 
Definitely, the porphyrin core is responsible for the excitations. The porphyrin 
core has D2h symmetry, but after a metal insertion, the two inner hydrogens are replaced 
by a metal ion and increase the symmetry to D4h. However, the overall absorption is not 
drastically altered, but the increased symmetry merges the states, as a result there will be 





















Figure 1.4 Absorption spectrum of a metallated porphyrin. 
 
The metal free porphyrin is emissive and the emission comes from the first 
excited state (S1) to the ground state (S0). Depending on the nature of solvents as well as 
substituents, the emission is structured which reflects ground state vibrational levels. The 
porphyrin macrocycle is a large molecule but the radiative decay is slow, hence 
intersystem crossing is possible; however, the triplet emission is not seen. The existence 
of this long lived and accessible excited state makes porphyrin an important applicant for 
photodynamic therapy.30-33 Even though, the insertion of a metal into the core does not 
significantly influence the absorption; the emission can be quite different because the 
emission mostly depends on the nature of the metals present into the porphyrins.  
In case of the zinc(II) (d10) porphyrins, the emission is similar to that of the free 
porphyrin. Zinc is not a heavy metal and has a closed shell so there is minimal 
intersystem crossing, and the emission is from a singlet state, represented as S1→S0. The 
copper(II) (d9) porphyrins are paramagnetic and have accessible dd states which leads to 



















center is protected from Lewis bases, there is triplet emission at  lower energy than the 
free porphyrin.35 However, the non-radiative decay is extremely fast and the lifetime of 
the triplet excited state (3ES) is in nanoseconds. 
 
1.2 DNA Binding Study 
Porphyrins have different types of binding modes with DNA such as intercalation 










The binding motif depends on the different types of forces like columbic interactions, van 
der Waals’ forces, hydrophobic efect, steric effects as well as the composition of DNA 
7 
 
host. Insertion of different metal ions into a porphyrin can change the mode of binding as 
well.37,38,39 
Sterically friendly porphyrin derivatives such as 5, 15-di(N-methylpyridinium-3-
yl) porphyrin, trans-H2D3 and 5,15-di(N-methylpyridinium-4-yl) porphyrin, trans-H2tD4 




Figure 1.6 Bulky (left, black) and sterically friendly (right, blue) porphyrins. 
   
Even with many studies, the nature of the DNA binding is still unanswered. 
Generally, metalated, axial-liganded porphyrins, like zinc or iron porphyrins, prefer 
external binding. However, for unmetalated porphyrins or metalated derivatives without 
axial ligands such as copper porphyrins, the binding nature depends on DNA base 
composition as well as the number and type of substituents present. In case of the classic, 
bulky H2T4 porphyrin, or 5,10,15,20-tetra(N-methylpyridinium-4-yl)porphyrin, the mode 
of binding depends on the base composition of the DNA host. The porphyrin binds 
H2T4 H2tMe2 H2tD4 
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adenine-thymine (A=T) rich sequences externally whereas intercalation occurs in 
guanine-cytosine (G≡C) rich sequences which have more number of hydrogen bonds than 
the former ones.42,43,44 Schematic diagrams of the Cu(II) form of H2T4, intercalating into 
a G≡C rich sequence, outside binding into an A=T rich sequence, and the hydrogen 




Figure 1.7 Cu(T4) (left), intercalation (G≡C rich, middle), & outside binding (A=T rich, 
right) and H-bonding in base pairs (below).  
 
 
  A structural study discloses that the bulky H2T4 creates steric clashes upon 
intercalating into DNA. The methyl pyridinium substituents sterically clash with sugar 
phosphate residues within the DNA minor groove.  During intercalation, first, DNA bases 
simply unwind and make a room(s) for inserting the porphyrin.45 The intercalating 





Figure 1.8 Cu(tD4) intercalating process with double stranded DNA. 
 
One of the main goals of this work is to determine how to reduce the steric bulk, 
as well as the rigidity around the porphyrin core which influence the binding interactions 
of porphyrins with DNA hosts. The binding nature can be easily monitored by numerous 
physical methods like absorption, emission, circular dichroism as well as viscometry. In 
the absorption spectrum, generally the peak position and intensity differ for the bound 
and unbound forms. If the bound form has higher intensity than the unbound form, it is 
known as hyperchromism; on the other hand, if it is smaller than the unbound form it is 
known as hypochromism. Similarly, the wave length of Soret maxima can be changed for 
the bound and unbound forms. This change is known as bathochromic shift when the 





Figure 1.9 Hyperchromism (red), hypochromism (blue), and bathochromism (light blue). 
 
The circular dichroism (CD) measures the differential absorption of left and right 
circularly polarized light by chiral molecules. Since a porphyrin molecule is achiral, it 
does not exhibit any CD signal. However, when it binds to DNA, it gives an induced CD 
signal (iCD) in the Soret region which might be either positive or negative. For double-
stranded DNAs, positive iCD is the indication of outside binding whereas, the negative 





Figure 1.10 Induced CD spectra, only porphyrin (no DNA, blue), porphyrin with DNA 
(green & red). 
 
Furthermore, the binding motif can be understood using standard reduced 
viscosity measurements. The specific viscosity of a DNA polymer increases during 
intercalative binding, because intercalation of the ligand enhances both the length and 
rigidity of the host. In contrast, it may remain same or even decrease if the porphyrin 
binds externally.43,46 
 
                                                                              




Figure 1.12 Viscometric data for outside (o), and intercalative binding (□, ▲).46 
 
In conclusion, pronounced hypochroism (≥ 30%), a large bathochromic shift (≥ 
10 nm), a negative iCD signal and increased viscosity are the signs of intercalation with 
double-stranded DNA host. In contrast, hyper or small hypochroism, small 
bathochromism, a positive iCD signal and constant or reduced viscosity indicate outside 
binding. 
 
1.3 Thesis Content 
 
The whole work is divided into five chapters. This first chapter is for the basic 
background knowledge on porphyrin and its DNA binding motifs.  Chapter two focuses 
on the synthesis of a sterically friendly, cationic tetra-alkyl substituted porphyrin and 
metalated derivatives. The third chapter of this work is for the DNA-binding studies of 
cationic, tetra-alkyl-substituted porphyrin and its metalated derivatives with both single-
stranded (ss) and double-stranded (ds) DNA hosts. Hairpins are convenient hosts that 







0 0.1 0.2 0.3 0.4 0.








these fundamental molecules, it is possible to anticipate the binding that occurs with the 
natural DNA found in the body. The fourth chapter is for synthesis, photophysical 
properties, and applications of palladium derivatives of the porphyrin. Incorporation of a 
photosensitizer into DNA can lead to production of singlet oxygen which mediates the 
death of infected cells. The final chapter deals about the binding nature of porphyrins, 
especially di-cationic and tetra-cationic porphyrins with ss and ds DNAs as well as 
competitive binding studies between ss and ds DNAs. Results show that double stranded 
DNA hosts determinedly outcompete the more flexible ss hosts for the uptake of a 
porphyrin, irrespective of the binding motif. The findings are relevant because ss domains 
of DNA appear during replication, in different types of DNA-secondary structure, and as 
products of the disassembly of multi stranded forms. Important applications of water 
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CHAPTER 2. SYNTHESIS OF CATIONIC TETRA-ALKYL SUBSTITUTED 
PORPHYRINS AND METELATED DERIVATIVES 
 
2.1 Introduction 
The attention of researchers has been continuously attracted towards the field of 
porphyrins due to the extensive catalytic and biochemical properties. Porphyrin research 
has advanced from its first innovative synthesis by Fischer in 1920 to their use in 
photodynamic therapy1, in selective catalysis,2-4 in the field of electrochemical based 
sensors5, and other various applications in material chemistry.6 The synthesis of 
porphyrins mainly involves the replacement of diverse substituents at specific locations 
of the porphyrin core. Meso and beta positions are the most common substitution sites. 
Alder and Longo had developed a method for the synthesis of some meso-substituted 
porphyrins, especially tetraarylporphyrins, by the reaction of an aldehyde and pyrrole in 
either acetic acid or propionic acid.7-9 These carboxylic acids function as solvents as well 
as catalysts. The nice thing for the Alder-Longo methodology is the porphyrin product 
precipitates out from the solvent during the reaction. However, the synthesis of lipophilic 
porphyrins is less beneficial because the products do not precipitate out from the reaction 
and the work-up is tedious. After this, Lindsey introduced an alternative methodology 
which involves highly dilute ionic conditions of the reagents which requires more 
solvent,10-12 and boron-trifluoride etherate works as a catalyst. Later on, Onaka group 
developed a methodology which used Montmorillonite, a clay on a gram scale as a 
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catalyst.13-15 The synthesis of 5,10,15,20-tetraalkyl porphyrins on a multi-gram quantities 
with easy work-up has been reported by Thordarson group.16  
Successful synthesis of H2TC3 has been completed in the McMillin laboratory 
using the method developed by Kadish et al.17 which is the optimized form of the 
Thordarson method. Herein, the designed ligand incorporates flexible tetra-cationic alkyl 
substituents around the meso-positions of the porphyrin core. The idea is at once to 
reduce the effective size of the peripheral substituents and develop a porphyrin that is 
more favorable to stacking with DNA bases. Furthermore, in future work it will also be 
possible to vary the nature of the charging groups as well as the length of the chain. Here, 





Sigma Aldrich Commercial supplied 4-chlorobutan-1-ol, 1-methylimidazole, 
pyridinium chlorochromate (PCC), potassium permanganate (KMnO4), para-
toluenesulfonic acid (PTSA·H2O), 2,3,5,6-tetrachloro-1-4-benzoquinone (TCQ), copper 
acetate (Cu(OAc)2), & zinc acetate (Zn(OAc)2). Other materials supplied by Sigma 
Aldrich included dichloromethane (DCM), pyrrole, tetrabutylammonium nitrate (TBAN), 
potassium hexafluorophosphate (KPF6), dimethylformamide (DMF), and silica TLC 
plates. Methanol (MeOH), toluene, acetonitrile (MeCN), and potassium nitrate (KNO3) 
were products of Mallinckrodt Chemicals. Macron Chemicals supplied acetic acid and 
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nitric acid, but the hydrochloric acid came from J.T. Baker. Silica was a product of 
Sorbent Technologies, whereas alumina was from EMD Chemicals.  
 
2.2.2 Instrumentation 
Absorbance data were obtained from a Varian Cary 300 UV-spectrophotometer. 
Similarly emission data came from Varian Cary Eclipse fluorescence spectrophotometer. 
A 300 MHz Varian Mercury Inova spectrometer yielded 1H NMR data. Midwest 
Microlab, LLC (Indianapolis, IN) carried out all microanalyses. The diffractometer was 
Rigaku Rapid II equipped with confocal optics. 
 
2.2.3 Synthesis and Characterization 
 
2.2.3.1 PCC Oxidation of 4-Chlorobutan-1-ol (NR 2.26, 33, 38) 
The procedure for the oxidation of 4-chlorobutan-1-ol to 4-chlorobutanal was 
based on of a literature prepared by E.J. Corey.18 PCC (4 g, 36.85 mmol) was taken in a 
250 mL oven-dried RB followed by the addition of anhydrous dichloromethane (100 
mL). The mixture was stirred for half an hour under nitrogen environment then the 
solution of 4-chlorobutan-1-ol (4 g, 36.85 mmol) in DCM was added slowly and stirred at 
room temperature. The color of the mixture changed immediately into black after the 
addition of the alcohol. Reaction progress was monitored by the TLC on silica by elusion 
with a 2:1 hexane ether mixture. After developing the TLC plate, it was dipped in 
KMnO4 solution and dried using a heat gun to make the spots visible. After completion of 
the reaction in six hours, work-up was done. 
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At first, the reaction mixture was diluted with diethyl ether (50 mL) and then the 
supernatant was decanted. The black gummy substance of the round bottom flask was 
washed with diethyl ether (2x40 mL). All the organic layers were collected and passed 
through a pad of celite and alumina. The filtrate looked greenish; solvent was evaporated 
using a rotaevaporator at room temperature under pressure. A  greenish oil was obtained. 
1H NMR confirmed the formation of the desired product. Since the product was greenish 
in color and some solvent peaks were seen in the 1H NMR, a simple ether wash was done 
with a small pad of silica in a short column. Diethyl ether was evaporated using a 
rotaevaporator at room temperature; an yellowish fragrant oil was obtained which was 
stored immediately at -78 oC since the product is unstable even in a freezer. The 1H NMR 
spectrum was better at this time. 1H NMR in CDCl3: 9.94 ppm (s, 1H), 3.73 ppm (t, 2H), 
2.80 ppm (m, 2H), 2.23 ppm (t, 2H). 
 
2.2.3.2 Synthesis of 5,10,15,20-tetra(3-chloroprop-1-yl)porphyrin (NR 2.28, 33, 39) 
Synthesis of 5,10,15,20-tetra(3-chloroprop-1-yl)porphyrin, (H2TC3Cl) was based 
on a previously established procedure by K.M.  Kadish.17 A solution of p-toluene sulfonic 
acid (33 mg, 0.192 mmol) in toluene (200 mL) was refluxed in an oven-dried two-
mouthed 250 mL round-bottom flask fitted with a Dean-Stark trap and a condenser. The 
system was purged with nitrogen. The initial reaction mixture was refluxed for 1.5 hrs; 
then a solution of 4-chlorobutanal (1.04 g, 9.77 mmol) in pyrrole (662 mg, 9.87 mmol) 
was added slowly from the side arm using a syringe. The color of the reaction mixture 
turned red immediately followed by dark brown after 15 minutes. After 2.5 hrs, a solution 
of TCQ (986 mg, 4.0 mmol) in toluene was added and refluxed one more hour and then 
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allowed to cool overnight. Next day, it was filtered through a plug of alumina, solvent 
was evaporated and column chromatography (silica) was done in 1:1 DCM: hexane for 
purification. All the sample-containing fractions were collected together and the solvent 
was evaporated. A purple-pink product was obtained and was characterized by both Uv-
vis (in DCM) and 1H NMR (in CDCl3). Further purification was achieved by warming a 
solution of the compound (400 mg) in DCM/MeOH (6/50 mL v/v) for 15 minutes then 
keeping it in a dark place at room temperature. The next day, a brownish-purple solid was 
formed which was collected by filtration (255 mg). 1H NMR confirmed product 
formation. 1H NMR in CDCl3: 9.53 ppm (s, 8H), 5.12 ppm (m, 8H), 3.87 ppm (m, 8H), 
2.97 ppm (m, 8H), -2.79 ppm (s, 2H). 
 
 2.2.3.3 Methyl-Imidazole Reaction of H2TC3Cl (NR 2.30, 43, 45)  
The method used to substitute the chloro-groups by imidazole was based on 
previously established method by X. Wu.19 The H2TC3Cl (30 mg, 0.048 mmol) was 
dissolved in acetonitrile (20 mL) followed by the addition of 1-methyl imidazole (0.77 
mL, 9.70 mmol). The reaction mixture was refluxed, and the reaction progress was 
followed with silica TLC by elution with 80% MeCN, 10% DI-H2O and 10% KNO3 (aq). 
After 12 hrs, four different spots were seen on the date. More imidazole (2.00 mL) was 
added and refluxed for six days. There were still two spots, one top light spot (higher Rf) 
and the bottom dark pink spot (lower Rf) on the silica TLC. Purification was done by 
column chromatography in 80% MeCN, 10% DI-H2O and 10% KNO3 (aq) solution.
20 
Two separate bands were seen on the column. Fractions of the slow band were collected, 
solvent was evaporated, and the brownish-purple solid (H2TC3) was obtained along with 
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a white solid (KNO3). Acetonitrile was added to dissolve the brownish- purple solid; then 
filtration was done. The white solid remained on the filter paper. Aqueous KPF6 was 
added to the pink filtrate and left overnight in the dark to complete precipitation. The next 
morning it was filtered, and a purple solid was obtained as a desired product. Product 
formation was confirmed by 1H NMR in MeCN-d3 or DMSO-d6.
 1H NMR in DMSO-d: 
9.74 ppm (s, 8H), 9.22 ppm (d, 4H), 7.96 ppm (d, 4H), 7.78 ppm (d, 4H), 5.05 ppm (m, 
8H), 4.74 ppm (m, 8H), 3.87 ppm (s, 12H), 2.93 ppm (t, 8H). 
Analysis: Calculated for C48H58F24N12P4 (H2TC3·4PF6): C 41.69, H 4.23, and N 12.15%; 
Found: C 40.81, H 4.17, and N 12.35%. 
 
2.2.3.4 Crystallization (NR 2.41, 49, 53)  
Different crystallization methods were tried to get the crystals of the H2TC3. 
Among them vapor diffusion of THF in MeCN worked well. Firstly, a saturated solution 
of the purple solid of the hexaflurophosphate salt was made in acetonitrile in a 3-dram 
vial. The vial was kept into a small bottle containing THF and capped tightly. The 
volume of the THF should be higher than the solution of the porphyrin. After five days, 
small purple crystals formed inside the vial. Different batches of crystallization were 
done. In most of the cases two different kinds (needles & plates) of crystals were formed, 
which were individually collected by the help of a pin. The plate-type crystals were 
submitted for X-ray crystallography and a crystal structure was obtained.  




2.2.3.5 Copper Insertion into  H2TC3 (NR 2.59, 65) 
H2TC3 (25 mg, mmol) was dissolved as the PF6 salt in MeCN/DI-H2O (50/50 v/v, 
5/5 mL) and acidified by the drop wise addition of dil. HCl (6:1, H2O/ HCl) until the 
color of the solution changed from pink to deep blue then incubated in the dark overnight 
to remove traces of zinc(II).20 Then KPF6 (aq) solution was added (20-25 mL) and solid 
particles formed after 24 hrs in the dark then collected by filtration. A black-brown solid 
was obtained as a residue which was dissolved in a minimum amount of DMF (12 mL) 
and heated at 65 oC for half an hour for complete dissolution. Absorption and emission 
spectra were taken in MeCN. 
Copper acetate (28.9 mg, 0.145 mmol) was added with continuous heating.  
Reaction progress was followed by both absorption and emission spectra. After 3hrs, 
emission was down and only two Q-bands were seen in the absorption spectrum. Heating 
for nine more hours reduces the emission down to zero. The reaction was stopped and 
filtered to remove the any solid particles (no solid).  A solution of TBAN in acetone was 
added to the filtrate until the solid began to form and then allowed to sit in the dark 
overnight. The reddish-brown copper derivative was filtered and absorption and emission 
spectra of the product were recorded. There were two Q-bands in the absorption spectrum 
but no emission signal. Crystallization of the solid was done by vapor diffusion in 
MeCN/THF. Very small red crystals formed after five days which were filtered and sent 
for elemental analysis. Calculated for C48H56CuF24 N12P4: % C 39.91, H 3.91 and N 




2.2.3.6 Zinc Insertion (NR 1.173, 2.126) 
To a solution of the hexafluorophosphate salt of the porphyrin H2TC3 (22 mg, 
0.016 mmol) in acetonitrile, an equal volume of DI water (10 mL/10mL) was added. To 
this solution zinc acetate (5.87 mg, 0.032 mmol) was added and heated for six hours. 
Reaction progress was monitored by absorption spectrum. After zinc insertion, the four 
Q-bands were merged into two and red shift on Soret band was 10 nm. The reaction was 
filtered to remove any insoluble solid impurities. Twice the volume of acetone was added 
to the filtrate and a solution of TBAN in acetone was added slowly until some solid 
particles start to form and left over night in dark. It was filtered the next day, and a purple 




2.2.4.1 Data Collection 
A red needle of C48H58N12·4PF6·CH3CN having approximate dimensions of 0.22 x 
0.14 x 0.10 mm was mounted on a fiber in a random orientation to determine the crystal 
structure. Preliminary examination and data collection were performed with Cu Kα 
radiation (λ = 1.54184Å). Cell constants for data collection were obtained from least-
squares refinement, using the setting angles of 70136 reflections in the range 2< θ < 66°. 
The space group was determined by the program XPREP.21 The structure was solved by 


























Crystal Data and Data Collection 
Parameters for C48H58N12·4PF6·CH3CN 
formula C50H61F24N13P4
formula weight 1423.99 
space group P1 (No. 2) 
a, Å 12.1488(4) 
b, Å 14.8985(5) 
c, Å 19.1681(14) 
α, deg 72.763(5) 
β, deg 71.762(5) 
γ, deg 70.043(5) 




temperature, K 150 
linear abs coef, mm-1 2.264 
2θ range, deg 4.97-133.15 
data collected 70136 
unique data 9558 
R(Fo) 0.071 
Rw(Fo
2)  0.201 
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2.2.4.2 Data Reduction 
A total of 70136 reflections were collected, of which 9558 were unique.  Frames 
were integrated using program CrystalClear.23 Lorentz and polarization corrections were 
applied to the data. A secondary extinction correction was applied. The final coefficient, 
refined in least-squares, was   0.0008300 (in absolute units).  Intensities of equivalent 
reflections were averaged. The agreement factor for the averaging was 3.6% based on 
intensity.  
 
2.2.5 Extinction Coefficient Determination 
The molar extinction coefficient of Cu(TC3) was determined in both methanol 
and acetonitrile, separately. At first, two different stock solutions in each solvent with 
slightly different concentrations were prepared. Further dilution of each stock solution in 
the same solvent was done and several samples having different concentrations were 
prepared. Exact concentration of each sample was determined by using molar mass of the 
compound then extinction coefficient of the compound was determined from the plot of 
absorbance vs concentration. The slope is the extinction coefficient of the compound. In 
the same way, the extinction coefficient of H2TC3 was determined in methanol as well. 
 
2.3 Results and Discussion 
The outline of the synthetic scheme for (5,10,15,20-tetra[(3-(3’-
















Figure 2.1 Synthetic scheme of M(TC3). 
 
The designed ligand incorporates flexible tetra-cationic alkyl substituents around 
the meso-positions of the porphyrin core. The steric constraints are modest, and multiple 
options are available for charging including protonation, alkylation of a terminal amine, 
as well as conjugation with therapeutically active metal ions. The chain length is another 
variable.   
 
2.3.1 Synthesis of 4-chlorobutanal (NR 2.26, 33, 38) 
Commercially available 4-chlorobutan-1-ol reacts with PCC in anhydrous DCM 
at room temperature to give 4-chlorobutanal.1 Because of poor solubility it helps to 
suspend the PCC in DCM about 20 minutes before the addition of 4-chloro-1-butanol. 
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TLC on silica by elution with 2:1 hexane/diethyl ether is a good way of monitoring the 
reaction progress. Dipping the TLC plate into a KMnO4 solution and drying with a heat 
gun reveals two spots with different retention factor (Rf) values. Complete conversion of 
the Rf spot of alcohol into the faster-moving Rf spot of aldehyde indicates the completion 







DCM, 6h, RT  
 
Scheme 2.1 Oxidation of 4-chlorobutan-1-ol. 
 
2.3.2 Synthesis of H2TC3Cl (NR 2.28, 33, 39) 
The first step in the synthesis H2TC3Cl is the condensation of 4-chlorobutanal 
with pyrrole in the presence of p-toluene sulfonic acid. The second step is oxidation with 
2,3,5,6-tetrachloro-1,4-benzoquinone (TCQ).  A Dean Stark trap is present to collect the 
water and maintain anhydrous conditions. Column chromatography (elution from silica 
with 3:1 hexane/ethyl acetate) is the main purification step. The dark pink, slow-moving 















1. Toluene, P-TSA (1.5 h, Dean Stark trap)
2. Pyrrole, (2.5 h, Dean Stark trap)
3. TCQ (1 h, Dean Stark trap )
4. Cool ( RT, Overnight, Dark)
 




Figure 2.2 1H NMR  H2TC3Cl. 
 
Because of the orientation of the applied and the induced magnetic fields in the 
same direction, the beta protons (pyrrolic protons) in the H2TC3Cl experience 
deshielding and their chemical shifts are in upfield ppm. In contrast, the two protons, 
inside the aromatic ring experiences shielding since both fields are in opposite direction 













2.3.3 Methyl-Imidazole Reaction of H2TC3Cl (NR 2.30, 43, 45) 
Substitution of chloro-groups with 1-methyl imidazole gives the desired product, 
H2TC3. Column chromatography (silica in 8% MeCN, 10% aq KNO3, & 10% DI H2O) 
allows separation from incompletely modified porphyrin. The slowest moving band 
corresponds to the desired tetra-cation. The three peaks in the aromatic regions of the 1H 
NMR (Figure 2.3) confirmed the product formation. Vapor diffusion of THF into a 
solution of either the nitrate in methanol or the hexafluorophosphate form in acetonitrile 










Figure 2.3 1H NMR  H2TC3. 
       
2.3.4 Copper Insertion (NR 1.110, 113, 2.59,65) 
Metal insertion increases the symmetry of a molecule and reduces the number of 







































































Figure 2.6 Emission spectra before (blue) and after (pink) copper insertion. 
 
2.3.5 Zinc Insertion (NR 1.173, 2.126) 
Addition of aqueous solution of zinc acetate to a solution of H2TC3·4PF6 in 
acetonitrile leads to the formation of the zinc derivative of the porphyrin. Absorption 
spectroscopy is once again useful for monitoring the reaction progress, and insertion is 



























Figure 2.8 Q-band expension, before (blue) and after (red) zinc insertion. 
 
2.3.6 Crystallization of H2TC3·4PF6 (NR 2.41, 49, 53) 
Out of different crystallization methods, vapor diffusion of THF into MeCN 
yielded the H2TC3 crystals. Figure 2.9 shows the ORTEP for the porphyrin where 



































Figure 2.9 ORTEP diagram of H2TC3. 
 
2.3.7 Extinction Coefficient 
Unlike the more rigid H2T4 analogue, H2TC3 is prone to aggregation in aqueous 
solution, as has been reported for tetra-substituted porphyrins with a pyridiniumyl ion 
extending off each alkyl chain.37 In methanol, on the other hand, a Beer’s law plot 
establishes that H2TC3 exists as a monomeric ion and exhibits a Soret maximum at 413 
nm where ε = 5.45 x 105 M-1cm-1 (Figure 2.10).  Cu(TC3) behaves similarly.  It has a 
Soret maximum at 412 nm as well as a high molar absorptivity of 6.0 x 105 M-1cm-1 








Figure 2.10 Beer’s law study for H2TC3 in Methanol. 
 
 
Figure 2.11 Beer’s law study for Cu(TC3) in Methanol. 
 







































Synthesis of H2TC3 and its copper and zinc derivatives has been completed. After 
successful synthesis of the compounds, characterization was done by both absorption and 
emission spectroscopy. For the free porphyrin, H2TC3, the Soret was at 413 nm and the 
four Q- bands were at 518 nm, 552 nm, 601 nm, and 656 nm respectively. Zn(TC3) has 
Soret at 422 nm, and two Q-bands were at 564 nm, and 605 nm respectively. Similarly, 
for the Cu(TC3), the Soret band was at 412 nm and the corresponding two Q-bands were 
at 544 nm and 578 nm. Zn(TC3) has the similar emission like H2TC3 but no emission 
was seen for the Cu(TC3) due to solvent quenching by coordinating solvents because of 
its solvent accessible dd states. Elemental analysis of both H2TC3 and Cu(TC3) 
supported the purity of the products. H2TC3 was characterized by 
1H NMR and 
crystallography as well. 
The extinction coefficients of both H2TC3 (5.45 x 10
5 M-1cm-1) in methanol and 
Cu(TC3) (6.00 x 105 M-1cm-1) in both methanol and acetonitrile were determined for the 
first time. Extinction coefficient of Zn(TC3) was assumed to be same as Cu(TC3) since 
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CHAPTER 3. DNA BINDING STUDIES OF H2TC3 AND ITS COPPER AND ZINC 
DERIVATIVES WITH SINGLE-STRANDED & HAIR-PIN DNA 
 
3.1 Introduction 
 Water soluble, cationic porphyrins with aryl substitution in the meso positions 
have been the focus of great attention towards the DNA binding studies.1-3  Cationic 
porphyrins like H2T4 (shown in Figure 3.1) are useful because they enter cells readily,
4-5 
and exhibit strong absorption in the red end of the visible system, and can function as 











Figure 3.1  H2T4 porphyrin. 
 
Other applications could be topical antibacterial treatment9 and telomerase inhibition.10  
They also have potential applications in anti-cancer therapies.11 Research has established 
the porphyrin ligands adopt three distinct binding motifs with double-stranded (ds) DNA 
hosts.1-2,12 The mode of binding can easily be monitored by different physical methods. 
For example, intercalation between base pairs gives rise to a bathochromic shift of 10-15 
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nm in the Soret region and a hypochromic response of about 30%.  In the same spectral 
region it also gives rise to an induced circular dichroism (iCD) with negative amplitude. 
In contrast, external binding generally gives rise to a positive iCD signal, a smaller 
bathochromic shift, and a much weaker or even negative hypochromic response. On the 
other hand, very hydrophobic porphyrins, such as TΘOPP in Figure 3.2, bind by 
aggregating and/or stacking on the surface of the DNA host.1,13-14  
 
 
Figure 3.2 TΘOPP porphyrin. 
 
 External stacking often induces a conservative, sometimes very intense bisignate iCD 
signal in the Soret region of the visible spectrum.15 The amphiphilic nature of the ligand 
seems ideally suited for intercalative binding which allows the hydrophobic core to 
sandwich between DNA bases with positively charged substituents extending outwards 
toward the sugar-phosphate backbones of the DNA host and into solution. With this 
mode of binding the Watson-Crick hydrogen bonding framework of the host also remains 
intact. However, steric forces also come into play. For an axial-liganded 
metalloporphyrin, intercalative binding is not possible.3 An X-ray structural study has 
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also established that intercalation of the bulky N-methylpyridiniumyl substituents of the 
Cu(T4) certainly leads to clashes with the sugar phosphate residues within the  DNA 
minor groove.16 Accordingly, Cu(T4) and its analogues only intercalate into G≡C rich 
domains where hydrogen bonding is strong and the duplex structure is durable.3,17-19 The 
alternative is external binding, but H2T4 has an extended structure with a rigidly disposed 
charge distribution. At least in part for that reason high affinity external binding therefore 
requires significant reorganization of the DNA structure and formation of a suitable 
binding pocket.13,20 As a consequence external binding is most feasible in A=T rich 
domains which have a weaker hydrogen bonding framework and a lower melting 
temperature. 
 Many relatives of H2T4 have been explored. Sari et al. systematically tuned the 
charge by replacing N-methylpyridiniumyl groups with phenyl groups21 and found that 
reducing the charge lowers the binding affinity. Marzilli et al. have kept the charge 
constant while enhancing the hydrophobic character by incorporating additional aromatic 
groups in the meso substitutents.22 Neither approach addresses two basic limitations. The 
first is that aromatic substituents are rigid as well as bulky, giving rise to previously 
mentioned steric clashes in the minor groove.16 Secondly, periplanar interactions 
involving the beta hydrogens of the porphyrin ring require the substituents to orient 
essentially perpendicularly with respect to the plane of the porphyrin.23 That, in turn, can 
inhibit stacking with DNA bases, particularly when the host site has a large footprint, as 
is the case with a leaflet of G-quadruplex DNA.11 Another approach involves decreasing 
the number of N-methylpyridiniumyl substituents, thereby reducing the steric 
problems.24-27 This approach has worked quite well, and Cu(tD4)  (Figure 3.3) and 
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Pd(tD4) turn out to be universal intercalaters for B-form DNA.26,28-29 These both ligands 
bind by intercalation regardless of the base composition of the DNA.  As a bonus, 
Pd(tD4) proves to be superior to H2T4 analogues in sensitizing the formation of singlet 
oxygen.29 However, a downside of this approach is that trimming the number of 
substituents reduces the net charge and the solubility of the ligand in aqueous solution. 
 
 
Figure 3.3 Cu(tD4) porphyrin. 
 
   In the design adopted herein the ligand retains a net charge of 4+.  The motivation 
behind incorporating alkyl substituents is at once to reduce the effective size of the 
porphyrin and develop a form that is more conducive to stacking with DNA bases.  In 
future work it will also be possible to vary the nature of the charging groups as well as 
the length of the chain. Here, the focus is on H2TC3 and metalated derivatives, where 
H2TC3 denotes 5,10,15,20-tetra[3-(3’-methylimidazolium-1’-yl)]porphyrin (Figure 3.4).   
 
 







Acetone, methanol (MeOH), and acetonitrile (MeCN), were products of 
Mallinckrodt Chemicals. Macron Chemicals supplied acetic acid and nitric acid, but the 
hydrochloric acid came from J.T. Baker.  Integrated DNA Technologies was the provider 
for both single-stranded (ss) and hairpin-forming DNA (ds) sequences. The sequences 
obtained were 5’-GATTACttttGTAATC-3' (GATTAC), 5’-GACGACttttGTCGTC-3' 
(GACGAC), 5’-GCGCACttttGTGCGC-3' (GCGCAC), and 5’-AGCGACttttGTCGCT-3' 
(AGCGAC), where lower case letters designate bases involved in loop formation. 
Similarly the ss sequences were 5’-TCCTGCCACGCTCCGC-3’ (Puc), and 5’-
TTTTTTTTTT-3’ (T10). Trizma nitrate, Trizma base, tetrabutylammonium nitrate, 
potassium hexafluorophosphate (KPF6), Salmon testes (ST) DNA and silanizing solution 
(5% dichlorodimethylsilanes in n-heptane) were products of Sigma Aldrich Commercial.  
 
3.2.2 Methods and General Equations 
 
3.2.2.1 Percent Hypochromism  
Equation 3.1 yielded the percent hypochromism (% H), where A(λ) is the 
absorbance at the Soret maxima of the free porphyrin and A(λ’) is the corresponding 
absorbance of the bound form. 
47 
 
% 100 (3.1) 
 
3.2.2.2 Emission Spectra Normalization  
For luminescences studies of Cu(TC3), the slit settings were 20 nm for excitation 
and emission. Normalizing the data using Equation 3.2 facilitates intensity comparisons 
by correcting for absorbance differences between samples. In Equation 3.2, Inorm is the 
adjusted intensity, Iobs is the observed emission intensity, and A is the absorbance at the 
exciting wavelength.   
                    	  =                                                                                        (3.2) 
 
3.2.2.3 Circular Dichroism Conversion  
Conversion of the CD signal from millidegrees into molar absorptivity units is 
possible with Equation 3.3, where θ is the observed value, Q = 32,980, l is the path length 
of the cell in centimeters, and c is the molar concentration of the chromophore. 
∆ɛ  =                                                         (3.3) 
 
3.2.2.4 Standard   Reduced Viscosity  
Sonicated ST DNA at a base-pair concentration of 70 uM was the host used for 
viscometry studies.  The average length of the DNA was 300 base pairs as provided by 
the supplier.  The porphyrin stock solution was made in deionized water with no salt 
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added.  The monitoring temperature was 25 oC.  Equation 3.4 gives the standard   reduced 
viscosity ratio,  
	 	
	
                                 (3.4) 
where tb is the flow time of buffer, td is the flow time of DNA in buffer, and tc is the flow 
time of DNA with porphyrin in buffer.  The flow time was determined by taking the 
average of three consecutive runs for each composition.  
 
3.2.2.5 Glassware Silanization 
Cationic porphyrins have an affinity to adsorb on glassware. To prevent this, the 
glassware was first filled with nitric acid and set overnight to clean and protonated 
surface sites. Next day, glassware was washed, and dried then filled with 5% silanes 
solution in n-heptane for overnight. Next morning solution was poured out of the 
glassware, and then the sequential washing of the glassware was done with hexanes, 
ethanol and deionized water then dried.  
  
3.2.2.6 Buffer Preparation 
Tris HCl buffer was prepared by dissolving enough Trizma HCl solid into 
deionized water resulting the final ionic strength of μ = 0.05. The pH was adjusted to 7.5 
by the careful addition of concentrated aqueous Trizma Base solution with continuous 
stirring after each addition. Then the solution was transferred into a volumetric flask, 




3.2.2.7 Stock Solutions Preparation 
The solvent used for the stock solution of [Cu(T4)](NO3)4 was 0.05 M Tris HCl 
buffer, and the solvent for the stock solution of [Cu(tD4)](NO3)2 contains 50% by volume 
methanol in buffer.  After dissolving the solid porphyrin into the suitable solvent, the 
solution was filtered into a plastic vial through a 0.2 μm PTFE syringe filter and then 
stored in a dark at room temperature. Similarly, the DNA stock solution was made by 
dissolving the DNA as received from IDT into 1000 μL buffer (0.05 M Tris HCl, pH 7.5) 
and stored in a freezer. 
   
3.2.3 General Procedure for DNA Titration 
The concentrations of the stock solutions of either porphyrins or DNAs were 
calculated before each titration using Beer’s law. Extinction coefficients used for the 
DNA were provided by the supplier. Concentration of the DNA stock solutions was 
determined by diluting 10.0 μL of the stock solution into 2000 μL of Tris buffer (0.05 M, 
pH 7.5). Then the absorption spectrum was recorded and the concentration was 
calculated. In the same way, porphyrin stock solution concentration was calculated by 
adding 20.0 μL of stock solution into 1500 μL MeOH.  
The method used for carrying out spectrophotometric titrations was slightly 
modified from the reported procedure. To facilitate equilibration of the sample for each 
step in a serial titration, the procedure was to add half the volume of buffer needed, 
followed in order by aliquots of salt solution,  DNA, and porphyrin before adding the rest 
of the buffer. In titrations, the porphyrin concentration remained constant at 1.00 μM and 
only the DNA concentration changed. In the absence of DNA host, the medium used for 
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measuring spectra of porphyrins was pure methanol in order to avoid aggregation. But 
when DNA was present in the sample, the only source of methanol was a small amount 
introduced with the porphyrin stock solution. Beer’s law studies yielded the molar 
extinction coefficients of the porphyrins, needed for calibrating all stock solutions. 
 













abase-pair units for ds hosts. bStrand units for ss hosts. 
cWavelength of 413 nm. dWavelength of 412 nm. 
 
 
3.3 Results  
Unlike the more rigid H2T4 analogue, H2TC3 is prone to aggregation in aqueous 
solution, as has been reported for tetra-substituted porphyrins with a pyridiniumyl ion 
extending off each alkyl chain.37 In methanol, on the other hand, a Beer’s law plot 
establishes that H2TC3 exists as a monomeric ion and exhibits a Soret maximum at 413 
nm where ε = 5.45 x 105 M-1cm-1.  Cu(TC3) behaves similarly.  It has a Soret maximum 
at 412 nm as well as a high molar absorptivity of 6.0 x 105 M-1cm-1.  
51 
 
Figure 3.5 provides a contrast of the absorption spectra of Cu(TC3) and Cu(T4).  
The broadened band width of the latter presumably relates to the pyridiniumyl 
substituents which can assume a distribution of torsion angles. The same effect is 
sometimes evident in the emission spectrum of H2T4, albeit in the Q-band region of the 
electronic spectrum.38 In terms of emission neither Cu(T4) nor Cu(TC3) exhibits a 
detectable in methanol or methanol/water mixtures. 
 
 





One of the most interesting findings is that Cu(TC3) and H2TC3 tend to adopt 
different binding motifs, even though each is a nominally planar porphyrin. With every 
host investigated Cu(TC3) binds strictly by intercalation, whereas external binding of 
H2TC3 becomes increasingly competitive process as the percentage of A=T base pairs 
increases in the host. The difference in the deformability of the two forms provides a nice 

































that requires a significant reorganization of the host becomes more favorable when the 
ligand can distort and enhance the induced fit.  
 
3.3.1 Cu(TC3) with Hairpins (ds) 
Spectral measurements clearly signal that Cu(TC3) readily binds to hairpin hosts 
in aqueous solution. However, the compiled data in Table 3.2 reveal that the base 
composition of the host makes little difference.  
 
3.3.1.1 Cu(TC3) with GATTAC 
Illustrative results of Cu(TC3)  binding with GATTAC appear in Figures 3.6-
3.10. The absorption spectra reveal that interaction with the host induces a significant 
hypochromic shift as well as a strong bathochromic response in the Soret band.  Here, the 
progression of the absorbance changes shows that the chromophore actually experiences 
a succession of binding environments during the titration.39 In particular, the 
hypochromic response is strongest in the early stages, prior to attainment of the limiting 
spectrum, which settles in with a bathochromic shift of Δλ = 10 nm and a hypochromic 
response of H = 38% (Table 3.2). Band shifts of those magnitudes are usually indicative 
of intercalative binding to ds DNA, both effects resulting from coupling of porphyrin 






Figure 3.6 Absorbance spectra of 1.0 μM Cu(TC3) at q = 0 and in the presence of  
CATTAC at q = 20, 40, 60, and 80 respectively which are the DNA concentrations in uM 
base pairs. For the q = 0 spectrum the solvent is methanol. All spectra were taken in one 
centimeter silanized cell [NR 2.94]. 
 
 
Corresponding changes in the DNA absorbance ought to be present as well, but 
they are usually harder to observe on account of the density of states in the UV region of 
the spectrum.41  When the DNA takes up Cu(TC3), however, a hyperchromic effect is 
clearly evident in the 260 nm region of the spectrum (Figure 3.7). 
 
 
Figure 3.7 DNA absorbance changes during the addition of GATTAC to 1.0 μM 
Cu(TC3). Each plots represents a 20 μM aliquot of DNA and is the difference spectrum 
between two consecutive runs, those being q = 0 and 20 (blue), q = 20 and 40 (red), and 
q= 40 and 60 (green). The hyperchromic effect recedes at higher q values because no 

















































However, When the T10 takes up Cu(T4), there were only a minor  hypochromic or 
hyperchromic effects in the 260 and 240 nm region of the spectrum (Figure 3.8). 
 
 
Figure 3.8 DNA absorbance does not change during the addition of T10 to 3.0 μM 
Cu(T4). Each plots represents a 8 μM aliquot of DNA and is the difference spectrum 
between two consecutive runs, those being q = 0 and 8 (blue), q = 8 and 16 (red), q = 16 




The binding interactions manifest themselves in other physical studies as well.  
The observation of luminescence from Cu(TC3) is particularly telling because the free 
porphyrin is essentially non-emissive in solution, while a relatively strong emission 
signal is a clear indication of intercalative binding (Figure 3.9).2,18,20,29  For perspective, 
note that Cu(T4) binds externally to the A=T rich GATTAC host and is nonemitting,28 































Figure 3.9 Absorbance corrected emission spectra of 1.0 μM Cu(TC3) at q = 0 and in the 
presence of  CATTAC at q = 20, 40, 60, and 80 respectively which are the DNA 
concentrations in uM base pairs. For the q = 0 spectrum the solvent is methanol. All 
spectra were taken in one centimeter silanized cell [NR 2.93]. 
 
 
Adduct formation with a host like GATTAC also brings about an iCD signal from 
otherwise CD-silent Cu(TC3). Although the iCD signal obtained is typically bisignate, 
the positive branch is comparatively weak and occurs at shorter wavelengths (Table 3.2), 
as when GATTAC acts as host.  
 
 
Figure 3.10 Induced CD spectra of 1.0 μM Cu(TC3) at q = 0 and in the presence of  
CATTAC at q = 20, 40, 60, and 80 respectively which are the DNA concentrations in μM 
base pairs. For the q = 0 spectrum the solvent is methanol. All spectra were taken in one 











































3.3.1.2 Cu(TC3) with GACGAC 
Figures 3.11-3.13 show the obtained results   for the titration of Cu(TC3) with 
GACGAC. Absorption spectra expose that interaction with the host induces a significant 
hypochromism as well as a strong bathochromism in the Soret band.  At the limiting 
spectrum, the total shift in the Soret is 10 nm and a hypochromic response is of 40% 
(Table 3.2). Usually the band shifts of those magnitudes are indicative of intercalative 
binding to ds DNA.  
 
 
Figure 3.11 Absorbance spectra of 1.0 μM Cu(TC3) at q = 0 and in the presence of  
CACGAC at q = 20, 40, 60, and 80 respectively which are the DNA concentrations in 
μM base pairs. For the q = 0 spectrum the solvent is methanol. All spectra were taken in 
one centimeter silanized cell [NR 2.102]. 
 
 
  The emission data, Figure 3.12 shows an immediate solvent protection as the 
DNA is added. Existent of a relatively strong emission signal from the Cu(TC3) with 
























Figure 3.12 Absorbance corrected emission spectra of 1.0 μM Cu(TC3) at q= 0 and in the 
presence of  GACGAC at q= 5, 10, 20, 40, and 80 respectively which are the DNA 
concentrations in uM base pairs. For the q=0 spectrum the solvent is methanol. All 
spectra were taken in one centimeter silanized cell [NR 2.102]. 
 
 
The obtained iCD signal (Figure 3.13) is a kind of bisignate; the positive branch is 
comparatively weak and occurs at shorter wavelengths whereas the strong negative 




Figure 3.13 Induced CD spectra of 1.0 μM Cu(TC3)  in the presence of  GACGAC at q = 
5, 10, 20, 40, and 80 respectively which are the DNA concentrations in uM base pairs. 











































3.3.1.3 Cu(TC3) with ST DNA 
Figures 3.14-3.16 show the results obtained from the titration of Cu(TC3) with ST 
DNA which has mixed base composition. The absorption spectra change throughout the 
titration. There is a great deal of hypochroism at lower loading of DNA, and a fairly large 
red shift. The Soret gets amplified upon the addition of more DNA. At the limiting 
spectrum, there is a bathochromic shift of Δλ = 10 nm and a hypochromic response of ΔH 




Figure 3.14 Absorbance spectra of 1.50 μM Cu(TC3) at q = 0 and in the presence of  ST 
DNA at q = 1, 2, 5, 10,30, and 50 respectively which are the DNA concentrations in μM 
base pairs. For the q = 0 spectrum the solvent is methanol. All spectra were taken in one 
centimeter silanized cell [NR 2.125]. 
 
 
The emission data in Figure 3.15 show increasing solvent protection as the DNA 
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Figure 3.15 Absorbance corrected emission spectra of 1.50 μM Cu(TC3) at q = 0 and in 
the presence of  ST DNA at q = 1, 5, 10, 30, and 50 respectively which are the DNA 
concentrations in μM base pairs. For the q = 0 spectrum the solvent is methanol. All 
spectra were taken in one centimeter silanized cell [NR 2.125]. 
 
 
When Cu(TC3) binds to ST DNA, the iCD signal is also bisignate; however, the 
pattern inverts and the negative branch shifts to the shorter wavelength side. The positive 
branch is weak whereas the negative branch is strong in the Soret region. 
 
 
Figure 3.16 Induced CD spectra of 1.0 μM Cu(TC3) in the presence of  ST DNA at q = 1, 
5, 10, 30, and 50 respectively which are the DNA concentrations in μM base pairs. For 
the q = 0 spectrum the solvent is methanol. All spectra were taken in one centimeter 











































3.3.1.4 Cu(TC3) with GCGCAC 
Absorbance, emission, and iCD measurements (Figures 3.17-19) clearly signal 
that Cu(TC3) readily binds to GCGCAC hosts in aqueous solution. Absorption results 
(3.17) reveal that interaction with the host induces a significant hypochromic shift as well 
as a strong bathochromic response in the Soret band. The progression of the absorbance 
changes indicates that the chromophore actually experiences a succession of binding 
environments during the titration.40 The free porphyrin is essentially non-emissive in 
solution, while a relatively strong emission signal is a clear indication of intercalative 
binding (Figure 3.18).2,18,20,29 The results in Table 3.2 show that the emission signal from 
Cu(TC3) generally increases in intensity as the rigidity of the host and the percentage of 
G≡C base pairs increase. Adduct formation with a host GcGCAC   brings a negative iCD 
signal at the Soret region (Figure 3.19). 
 
 
Figure 3.17 Absorbance spectra of 1.0 μM Cu(TC3) in methanol at q = 0 and in the 
presence of  GCGCAC at q = 8, 16, 24,  32,40, 48, 56, 64, and 72 respectively which are 
the DNA concentrations in μM base pairs. For the q = 0 spectrum the solvent is methanol. 






























Figure 3.18 Absorbance corrected emission spectra of 1.0 μM Cu(TC3) at q= 0 and in the 
presence of  AGCGAC at q= 8, 16, 24, 32, 40, 48, and 56 respectively which are the 
DNA concentrations in μM base pairs. For the q=0 spectrum the solvent is methanol. All 




Figure 3.19 Induced CD spectrum of 1.0 μM Cu(TC3) in the presence of 40 μM 
GCGCAC  where the DNA concentrations is in μM base pairs. Spectrum was taken in 
one centimeter silanized cell [NR 4.86]. 
 
 
3.3.1.5 Cu(TC3) with AGCGAC 
Absorbance, emission, and iCD measurements clearly signal that Cu(TC3) readily 
binds to AGCGAC hosts in aqueous solution. Results obtained with AGCGAC appear in 
Figures 3.20-3.22. Absorption results reveal that interaction with the host induces a 










































band. The progression of the absorbance changes indicates that the chromophore actually 
experiences a succession of binding environments during the titration. A relatively strong 
emission signal is a clear indication of intercalative binding (Figure 3.21).2,18,20,29  Adduct 
formation with a host AGCGAC   brings a negative iCD signal at the Soret region.  
 
 
Figure 3.20 Absorbance spectra of 1.0 μM Cu(TC3) in methanol at q = 0 and in the 
presence of  AGCGAC at q = 8, 16, 24,  32, and 40 respectively which are the DNA 
concentrations in μM base pairs. For the q = 0 spectrum the solvent is methanol. All 




Figure 3.21 Absorbance corrected emission spectra of 1.0 μM Cu(TC3) at q = 0 and in 
the presence of  AGCGAC at q = 8, 16, 24, 32, and 40 respectively which are the DNA 
concentrations in μM base pairs. For the q = 0 spectrum the solvent is methanol. All 















































Figure 3.22 Induced CD spectrum of 1.0 μM Cu(TC3) in presence of 40 uM AGCGAC  
where the DNA concentrations is in μM base pairs. Spectrum was taken in one centimeter 




3.3.2 H2TC3 with Hairpins 
There are obvious differences in the binding interactions of the unmetalated form 
H2TC3, despite the fact that it, too, is a nominally planar porphyrin.   
 
3.3.2.1 H2TC3 with GACGAC 
For G≡C rich hosts like GACGAC, the spectral changes observed with H2TC3 
mimic those of Cu(TC3) insofar as the Soret band undergoes a large red shift, and the 















Figure 3.23 Absorbance spectra of 1.0 μM H2TC3 at q = 0 and in the presence of 
GACGAC at q = 10, 40, 80, and 120 respectively which are the DNA concentrations in 
μM base pairs. For the q = 0 spectrum the solvent is methanol. All spectra were taken in 




Figure 3.24 Induced CD spectrum of 1.0 μM Cu(TC3) in presence of 120 uM GACGAC  
where the DNA concentrations is in μM base pairs. Spectrum was taken in one centimeter 
silanized cell [NR 4.15]. 
 
 
3.3.2.2 H2TC3 with GCGCAC 
Results obtained with GCGCAC appear in Figures 3.25-3.26. Absorption results 
reveal that interaction with the host induces a significant hypochromic shift as well as a 

































changes indicates that the chromophore actually experiences a succession of binding 
environments during the titration. Adduct formation with a host GCGCAC brings a 
negative iCD signal at the Soret region (Figure 3.26). 
 
 
Figure 3.25 Absorbance spectra of 1.0 μM H2TC3 at q = 0 and in presence of GCGCAC 
at q= 8, 16, 24, 32, and 40 respectively which are the DNA concentrations in μM base 
pairs. For the q = 0 spectrum the solvent is methanol. All spectra were taken in one 




Figure 3.26 Induced CD spectrum of 1.0 μM Cu(TC3) in presence of 40 μM GCGCAC  
where the DNA concentrations is in μM base pairs. Spectrum was taken in one centimeter 




































3.3.2.3 H2TC3 with AGCGAC 
Figures 3.27 and 3.28 show the results   obtained for the titration of H2TC3 with 
AGCGAC. Absorption spectra expose that interaction with the host induces a significant 
hypochromism as well as a strong bathochromism in the Soret band.  At the limiting 
spectrum, the total shift in the Soret is 9 nm and a hypochromic response is of 39% 
(Table 3.2). The induced CD signal has negative signal at the Soret region (Figure 3.28). 
 
 
Figure 3.27 Absorbance spectra of 1.0 μM H2TC3 in methanol at q = 0 and in the 
presence of AGCGAC at q = 8, 16, 24, 32, and 40 respectively which are the DNA 
concentrations in μM base pairs. For the q = 0 spectrum the solvent is methanol. All 



























Figure 3.28 Induced CD spectrum of 1.0 μM H2TC3 in the presence of 40 μM AGCGAC 
where the DNA concentration is in μM base pairs. Spectrum was taken in one centimeter 
silanized cell [NR 4.78]. 
 
 
3.3.2.4 H2TC3 with ST DNA 
On the other hand, as the host shifts to ST DNA, the bathochromic shift in the 
limiting spectrum becomes smaller (Figure 3.29), and the positive branch of the iCD 
spectrum increases than the G≡C rich sequences (Figure 3.30).  
 
 
Figure 3.29 Absorbance spectra of 1.0 μM H2TC3 at q = 0 and in the presence of ST 
DNA at q = 1, 5, 10, 30, and 50 respectively which are the DNA concentrations in μM 
base pairs. For the q = 0 spectrum the solvent is methanol. All spectra were taken in one 




































Figure 3.30 Induced CD spectrum of 1.0 uM H2TC3 in presence of 40 uM ST DNA 
where the DNA concentration is in μM base pairs. Spectrum was taken in one centimeter 
silanized cell [NR 4.54]. 
 
 
3.3.2.5 H2TC3 with GATTAC 
The Soret band also broadens, particularly when GATTAC is the host.  For this 
reason the %H values reported in Table 3.2 sometimes exaggerate the actual 
hypochromic response, as the calculations ignore any change in band shape and the 
positive branch of the iCD spectrum increases. 
 
 
Figure 3.31 Absorbance spectra of 1.0 μM H2TC3 at q = 0 and in the presence of 
GATTAC at q = 8, 16, 24, and 32 respectively which are the DNA concentrations in μM 
base pairs. For the q = 0 spectrum the solvent is methanol. All spectra were taken in one 



































Figure 3.32 Induced CD spectrum of 1.0 μM H2TC3 in the presence of 40 μM CGTTAC 
where the DNA concentrations are in μM base pairs. Spectrum was taken in one 




Figure 3.33 shows the absorption spectra of GACGAC, ST, and GATTAC DNA. 
As the host shifts to ST DNA and then GATTAC, the bathochromic shift in the limiting 
spectrum becomes progressively smaller. 
 
 
Figure 3.33 Absorption spectra of 1.0 μM H2TC3 at q = 0 (black), and in presence of 
large excess of GACGAC (red), ST (blue), and GATTAC (green) DNA. For the q=0 



































Table 3.2.  Physical data obtained with ds hosts. 
 
Porphyrin DNA Host Absorbance Emission iCD   
  Δλ, nm %H  λ, nm Δε, M-1cm-1 








 GCGCAC 10 43 7.8 424 -23 
 AGCGCA 10 43 5.9 425 -14 




Zn(TC3) GACGAC 4 45  424 13 




 ST 1 32  427 7 








 GCGCAC 9 54  424 -35 
 AGCGCA 9 39  425 -15 













3.3.3 DNA Titrations with Zn(TC3) 
Titrations reveal that the zinc-containing analogue Zn(TC3) binds to DNA as 
well.   
 
3.3.3.1 Zn(TC3) with GACGAC 
Figures 3.34 & 3.35 are the results obtained from the Zn(TC3) titration with  
GACGAC. At least two stages of binding are evident in a titration with GACGAC.  First, 
at a base-pair-to-Zn(TC3) ratio of q = 8, the Soret band exhibits sizable bathochromic and 
hypochromic  responses (Figure 3.34). Addition of more host initially results in a 
weakening of the hypochromic effect, but in the presence of a large excess of DNA it 
strengthens once again, before leveling off at around q = 48. Figure 3.35, the iCD signals 
obtained with GACGAC. Compared with the results obtained with Cu(TC3), the 
bathochromic shifts and iCD signals respectively trend smaller and more positive with 
Zn(TC3), while the calculated % H values tends to be larger. Again, however, binding to 







Figure 3.34 Absorbance spectra of 1.0 μM Zn(TC3) at q = 0 (black) and in the presence 
of GACGAC at q = 8, 16, 24,  32, 40, and 48 respectively which are the DNA 
concentrations in μM base pairs. For the q=0 spectrum the solvent is methanol. All 




Figure 3.35 Induced CD spectra of 1.0 uM Zn(TC3) in the presence of GACGAC at q = 
8, 16, 24,  32, 40, and 48 respectively which are the DNA concentrations in μM base 
pairs. All spectra were taken in one centimeter silanized cell [NR 3.146]. 
 
 
3.3.3.2 Zn(TC3) with GATTAC 
Figures 3.36 & 3.37 illustrate the results for the titration of Zn(TC3) with 
GATTAC. The absorption spectra reveal a small red shift (2 nm) but significant 










































Figure 3.36 Absorbance spectra of 1.0 μM Zn(TC3) at q = 0 and in the presence of 
GATTAC at q = 8, 16, 24,  32, and 40 respectively which are the DNA concentrations in 
μM base pairs. For the q = 0 spectrum the solvent is methanol. All spectra were taken in 




Figure 3.37 Induced CD spectra of 1.0 μM Zn(TC3) with 40 μM  GATTAC. The 
spectrum was taken in one centimeter silanized cell [NR 2.132]. 
 
 
3.3.3.3 Zn(TC3) with ST DNA 
A titration with ST DNA reveals similar complexity. The hypochromic response 

































and q = 50.  At the q = 5 stage there is no detectable iCD signal, but a weak positive 
signal is apparent at q = 50 (Table 3.2).   
 
 
Figure 3.38 Absorbance spectra of 1.50 μM Zn(TC3) at q = 0 and in the presence of ST 
DNA at q = 1, 2, 5,  10, 30, and 50 respectively which are the DNA concentrations in uM 
base pairs. For the q = 0 spectrum the solvent is methanol. All spectra were taken in one 




Figure 3.39 Induced CD spectra of 1.50 μM Zn(TC3) with ST DNA at q = 1, 2, 5,  10, 
30, and 50 respectively which are the DNA concentrations in uM base pairs. For the q = 0 










































3.3.4 Binding Studies with ss DNA. 
Interactions with ss DNA hosts produce absorbance and emission spectra that in 
many ways parallel those described for ds DNA hosts. Among the three porphyrin 
derivatives, Cu(TC3), Zn(TC3), and H2TC3, the copper derivative exhibits the largest 
bathochromic shifts  in the Soret region. The iCD signals are essentially monosignate and 
strictly positive for all three porphyrins. Cu(TC3) exhibits the most intense iCD signals 
and H2TC3 the weakest (Table 3.3). 
 
3.3.4.1 Cu(TC3) with T10 
When Cu(TC3) binds to T10, Δλ = 8 nm and the hypochromic effect is 33% 
(Table 3.3). Interaction with T10 also induces an emission signal from Cu(TC3) about 
70% as intense as that obtained with GATTAC. Similarly, the iCD has positive signal at 
the Soret region. 
 
 
Figure 3.40 Absorption spectra of 1.0 μM Cu(TC3) at q = 0 and in the presence of T10 at 
q = 2, 4, 6,  and 8 respectively which are the DNA concentrations in uM strand. For the 
q=0 spectrum the solvent is methanol. All spectra were taken in one centimeter silanized 





















Figure 3.41 Absorbance-corrected emission spectra of 1.0 μM Cu(TC3) at q = 0 and in 
the presence of T10 at q = 2, 4, 6,  and 10 respectively which are the DNA concentrations 
in μM strand. For the q = 0 spectrum the solvent is methanol. All spectra were taken in 




Figure 3.42 Induced spectra of 1.0 μM Cu(TC3) in the presence of 8 μM T10. The DNA 
concentrations in μM strand. All spectra were taken in one centimeter silanized cell 
[NR4.70]. 
 
3.3.4.2 Cu(TC3) with Puc 
  With the purine-containing sequence Puc, the bathochromic shift is a bit larger at 
10 nm, but the emission signal is weaker by about a factor of two T10 (Table 3.3) and 































Figure 3.43 Absorbance spectra of 1.0 μM Cu(TC3) at q = 0 and in the presence of Puc at 
q = 2, 4, and 6 respectively which are the DNA concentrations in μM strand. For the q = 
0 spectrum the solvent is methanol. All spectra were taken in one centimeter silanized 




Figure 3.44 Absorbance-corrected emission spectra of 1.0 μM Cu(TC3) at q = 0 and in 
the presence of Puc at q = 2, 4, and 6 respectively which are the DNA concentrations in 
μM strand. For the q = 0 spectrum the solvent is methanol. All spectra were taken in one 







































Figure 3.45 Induced CD spectra of 1.0 μM Cu(TC3) in the presence of 6 μM Puc. The 
DNA concentrations in μM strand. Spectrum was taken in one centimeter silanized cell 
[NR 4.21]. 
 
3.3.4.3 H2TC3 with T10 
In the case of H2TC3 the bathochromic shifts are smaller (5 nm) than those 
observed for Cu(TC3) (8 nm), but the hypochromic responses are of comparable 
magnitudes and the iCD is positive. 
 
 
Figure 3.46 Absorbance spectra of 1.0 μM H2(TC3) at q = 0 and in the presence of T10 at 
q= 2, 4, 6, and 8 respectively which are the DNA concentrations in μM strand. For the q 
= 0 spectrum the solvent is methanol. All spectra were taken in one centimeter silanized 
































Figure 3.47 Induced CD spectra of 1.0 μM H2TC3 in the presence of 8 μM T10. The DNA 
concentrations in μM strand. All spectra were taken in one centimeter silanized cell [NR 
4.66] 
 
3.3.4.4 H2TC3 with Puc 
With the purine-containing sequence Puc, the bathochromic shift is small (4 nm) 




Figure 3.48 Absorbance spectra of 1.0 μM H2TC3 at q = 0 and in the presence of Puc at q 
= 2, 4, and 6 respectively which are the DNA concentrations in μM strand. For the q = 0 































Figure 3.49 Induced CD spectra of 1.0 μM H2TC3 with 6 μM Puc. All spectra were taken 
in one centimeter silanized cell [NR 4.18] 
 
 
3.3.4.5 Zn(TC3) with T10 & Puc 
The smallest Δλ values result with Zn(TC3), but they about equal in magnitude to 
those obtained with ds DNA hosts.  In comparison with results obtained with ds DNA, 
the biggest departure occurs in the iCD signals (Table 3.3).   
 
 
Figure 3.50 Absorbance spectra of 1.0 μM Zn(TC3) at q = 0 and in the presence of T10 at 
q = 2, 4, 6, and 8 respectively which are the DNA concentrations in μM strand. For the q 
= 0 spectrum the solvent is methanol. All spectra were taken in one centimeter silanized 

































Figure 3.51 Absorbance spectra of 1.0 μM Zn(TC3) at q = 0 and in the presence of Puc at 
q = 2, 4, and 6  respectively which are the DNA concentrations in μM strand. For the q = 
0 spectrum the solvent is methanol. All spectra were taken in one centimeter silanized 




Figure 3.52 Induced CD spectra of 1.0 μM ZnTC3 in the presence of 6 μM Puc. 




































Table 3.3 Physical data obtained with ss hosts. 
Porphyrin DNA 
Host 
Absorbance Emission iCD   
  Δλ, nm %H  λ, nm Δε, M-1cm-1 








Zn(TC3) T10 3 30  421 - 








 Puc 4 44  426 6 
 
 
3.3.5 Viscometry and High-Concentration Solutions 
Viscometric data obtained for Cu(TC3) and Zn(TC3) are different. For these 
experiments the porphyrin concentrations are much higher and range up to 42 μM. Plots 
in Figure 3.52 show how the standard reduced viscosity varies with the porphyrin-to-
DNA base pair ratio, R = q-1, when Cu(TC3) and Zn(TC3) interact by turns with 







Figure 3.53 Standard viscosity ratios of ST DNA in the presence of Cu(TC3) (blue), 
H2TC3 (black), and  Zn(TC3) (red). The DNA concentration remains constant at 70 μM 
in base pairs, while the porphyrin-to-DNA base pair ratio, R, varies.  The buffer is μ = 
0.05 M pH 7.5 Tris [NR H2- 4.50, Zn- 2.186, & Cu-2.114]. 
 
 
The first thing to note is that the binding of Zn(TC3) has almost no measurable impact on 
the flow characteristics of the DNA host.  In contrast, η/η0 nearly doubles with the uptake 
of Cu(TC3) as R ranges from 0.1 – 0.6. Specific viscosity increases of that magnitude are 
generally an indication of intercalative binding which induces an increase in length as 
well as a decrease in flexibility of the macromolecular host.17 At the same time 
absorbance studies reveal that Cu(TC3) adopts a second binding motif in this same 
concentration regime. Whereas Cu(TC3) normally exhibits a single, red-shifted Soret 
band, a second Soret maximum appears at the concentrations used, and it is indicative of 
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Figure 3.54 Absorbance spectra of H2TC3 (blue), Zn(TC3) (red), and Cu(TC3) (green) 
respectively, in the presence of ST DNA.  In each case the DNA base-pair concentration 
is 30 μM, and the porphyrin concentration is 10 μM. Cell path length of 2.0 mm [NR H2- 
4.50, Zn-2.186, & Cu-2.114]. 
 
 
Likewise, the CD spectrum shows a band in the vicinity of 400 nm (Figure 3.55).   
 
 
Figure 3.55 Induced CD spectrum of 10 μM Cu(TC3) when bounded to ST DNA base-































To analyze aggregation of Cu(TC3) in aqueous solution, resonance light scattering (RLC) 







Figure 3.56 RLC spectra of 2 μM Cu(TC3) in methanol ( blue) and 15μM Cu(TC3) along 




Emission data obtained at R = 0.3 confirm the existence of the second binding 
motif because the 400 nm transition does not appear in the excitation spectrum of 




















Figure 3.57 Absorption (blue) and excitation (red, @ 800 nm) spectra of 42 μM Cu(TC3) 




By R = 0.5 the 400 nm absorption maximum is dominant, and the overall pattern of 
absorbance broadens. The 400 nm band maximum also appears in spectra of simple 
aqueous salt solutions containing Cu(TC3) and has been attributed to formation of H-
type, face-to-face porphyrin aggregates. Kano et al. have posited that excitonic coupling 
interactions account for the shift of the Soret band to shorter wavelength.37  In contrast, 
there is no evidence of a hypsochromically shifted absorption for Zn(TC3) in the same 
concentration regime. The probable explanation is that zinc(II) porphyrins show a 
preference for binding axial ligands,3,42 which interfere with stacking interactions. 
Finally, the H2TC3 system represents a third variation. Figure 3.53 reveals that 
the specific viscosity of ST DNA initially increases with the addition of H2TC3, as with 
Cu(TC3). However, beyond R = 0.3, η/η0 begins to fall off, and by R = 0.5 the specific 
viscosity drops below that observed for the free DNA.  In terms of absorbance, a distinct 






















porphyrin concentration is 15 μM. New absorbance also grows in the vicinity of 400 nm; 
however, it is in the form of a poorly resolved shoulder, rather than the clearly resolved 




3.4.1 Ligand Design and Choice of Hosts 
Incorporating alkyl substituents in the meso positions of the porphyrin achieves at 
least three ends.  One is to isolate the π system of the porphyrin and avoid the mesomeric 
interactions that typically occur with aryl substituents. The upshot is a narrower band 
width and a higher molar absorptivity for the Soret absorption of H2TC3 as compared 
with H2T4.  While alkyl substitutents clearly contribute to the bulkiness,
24 the flexible 
nature of the chains makes for a sterically more accommodating system than H2T4.  
Finally, the four peripheral charges no longer have to extend outwards in a fixed plane, as 
is the case with H2T4.  An unintended result of the design is that H2TC3 is subject to self-
association in aqueous salt solutions. The same complication does not occur with the 
H2T4 system,
43 perhaps because of the bulkiness and immobility of the meso 
substitutents.  
 In terms of hosts, hairpin-forming sequences most often bind ligands in the 
double-helical stem domains, hence they are viable B-form DNA platforms.20,44-45 In 
addition to being cost effective, they offer a defined length and a programmable base 
composition. Including the interior sequence 5’-CttttG-3’ provides for a tight loop and 
thermodynamic stability.44 Sonicated ST DNA serves as a useful contrast, effectively 
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functioning as a random sequence DNA polymer compatible with viscometric studies.  
Finally, single-stranded DNA hosts provide interesting comparisons because they are 
relatively flexible, and the exposed face is more hydrophobic than is the case with a ds 
DNA host.46 Like the latter, ss hosts are capable of binding ligands externally or 
internally. The term often used to describe internal binding is pseuodo-intercalation, 
which involves sandwiching the ligand between adjacent bases of the host.47-48 The 
lengths of T10 and Puc accord with the fact that exposed runs of naturally occuring ss 
DNA are generally short.49  Finally, the host compositions are complementary in that T10 
contains a single repeating pyrimidine base, while Puc has mixed composition including 
both adenine and guanine bases. 
 
3.4.2 Preferential Internalization of Cu(TC3) 
The results of all of the physical studies establish that Cu(TC3) preferentially 
internalizes into DNA hosts.  In the first place, intercalative binding naturally explains 
the observed bathochromic and hypochromic responses, which are explicable in terms of 
excitonic coupling interactions with π-π* transitions of the DNA bases.12,40 Secondly, that 
kind of internalization is necessary to account for the observation of an emission signal; 
otherwise, associative attack by Lewis bases efficiently quenches the photoexcited 
state.18,20,26,50 Finally, the fact that the uptake of Cu(TC3) induces an increase in the 
specific viscosity of ST DNA represents classical evidence of intercalative binding.17  
The uniformity of the absorption and emission results indicate that the mode of binding 
does not depend on the base make-up of the host because the percentage of G≡C base 
pairs varies by a factor of two across ST DNA and the stem domains of GATTAC and 
89 
 
GACGAC. In contrast, Cu(T4) is only capable of intercalating into only high melting 
duplexes that contain at least 50 % G≡C base pairs.51 At lower percentages local melting 
of the duplex structure becomes more feasible, and external binding of Cu(T4) becomes 
more favorable. The problem posed by intercalation derives from steric clashes that occur 
between the pyridiniumyl substituents of the porphyrin and the sugar-phosphate 
backbone of the host.16 Cu(TC3) is more compatible with intercalative binding because it 
has more flexible substituents. The story is similar with ss DNA hosts which bind 
Cu(TC3) strictly by pseudo-intercalation. As before, the evidence for assigning the 
binding motif comes from the strong hypochromic shifts and emission signals generated 
by uptake.  Internalization of Cu(TC3) by T10 is so effective in that the emission intensity 
rivals that observed from Cu(T4) intercalated into GACGAC. 
 At intermediate loadings (q = 8-16), another effect comes into play, as Figure 3.6 
reveals that the hypochromic effect is higher in the initial stages of a titration.  This effect 
is readily understandable in terms of dipole-dipole coupling between the transition 
moments of neighboring, intercalatively bound porphyrins.39 This observation suggests 
that uptake may be somewhat cooperative because there are more host molecules that 
porphyrins in solution. In view of the absorption strength of Cu(TC3), the separation 
between bound chromophores could easily be as much as a few base pairs, however.52-53  
At higher overall concentration the binding picture becomes even more complex.  Indeed, 
as noted above, results obtained with ST DNA show that another type of cooperative 
association occurs as Cu(TC3) begins to aggregate in H-type fashion on the surface of the 
host.  The signature for that binding motif is the Soret band which starts to grow in at 400 
nm, beyond the normal red-shifted band found in the vicinity of 420 nm (Figure 3.53).  
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That the H-form porphyrin is a DNA-bound form follows from the fact that the 400 nm 
transition also shows an induced CD signal. It is, however, a separate fraction of 
porphyrin because the 400 nm band is absent in the emission excitation spectrum. 
   
3.4.3 External Binding of Zn(TC3) and H2TC3 
The most definitive information about the binding of Zn(TC3) comes from 
viscometric data which show that it does not intercalate into ST DNA. It therefore must 
bind externally. Because the viscometry data relate to relatively high-loading conditions, 
the discussion that follows strictly pertains to the early phases of titrations, in the q = 8 – 
16 region; however, there are no indications of a qualitative change in the mode of 
binding when the DNA is in large excess. For all the ds hosts, including ST DNA, the 
small bathochromic shifts (Δλ values) are consistent with external binding. For the sake 
of reference, Δλ = 2 nm when Zn(T4) binds externally to [poly(dA-dT)]2 whereas the 
shift is six times greater when Zn(tD4) intercalates into the same host.25 The iCD data 
also imply that the zinc and copper forms of the porphyrin bind very differently to DNA.  
In contrast to the results obtained with Cu(TC3), the interaction of Zn(TC3) with ds DNA 
produces iCD signals that are biphasic, but predominantly positive. The most curious 
finding is that external binding of Zn(TC3) produces such strong hypochromic responses, 
although it is important to note that binding to DNA dramatically enhances the width of 
the Soret absorption band. Heterogeneity may partly explain the broadening effect if 
there is no one preferred binding sequence or adduct structure. Distortion of the 
porphyrin is another possibility, vide infra. The most likely explanation for the change of 
binding motif is that, in contrast to copper(II) analogues, zinc(II) porphyrins prefer to 
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bind an axial ligand.3  Intercalation of a Zn(II) porphyrin would still possible the process 
were exothermic enough to compensate for the loss of the bond to the axial ligand;20 
however, that is obviously not the case with Zn(TC3). 
 In contrast, H2TC3 is capable of intercalating because the standard reduced 
viscosity of ST DNA increases with the addition of H2TC3 up to a value of R = 0.3.  The 
η/η0 values are slightly smaller than those observed with Cu(TC3), because external 
binding of H2TC3 is a competitive process. That there are two binding motifs becomes 
clear from a comparison of results obtained with the three hosts, GATTAC, ST, and 
GACGAC, which have percentage compositions of G≡C base pairs of 33, 41, and 66, 
respectively. The spectra presented in Figure 3.32 show that the bathochromic shift Δλ 
increases steadily as the percentage of G≡C pairs increases, while the absorption 
bandwidth in the Soret region decreases. The GACGAC system is the simplest because of 
its relatively high G≡C content. Here, the bathochromic shift is large, intercalative 
binding is dominant, and the Soret band has a normal bandwidth. With ST DNA, Δλ is 
smaller and external binding becomes more important due to the fact that the host 
contains a higher percentage of A=T base pairs. The presence of two active modes of 
binding accounts for the increase in the apparent bandwidth because in reality the signal 
is the envelope of two unresolved absorptions. Finally, when GATTAC is the host, 
external binding becomes even more important, the net bathochromic shift is smaller, and 
the bandwidth broadens further. As for the iCD data the overall signal becomes on the 
whole more negative as the percentage of G≡C base pairs increases. This trend is also 




3.4.4 Mutually Adaptive Distortions 
The problem that remains is to rationalize the fact that H2TC3, Cu(TC3), and 
Zn(TC3) all bind differently to ds DNA. As noted above, it is easy to see why the zinc(II) 
system might stand apart because it carries an axial ligand.  The real issue is that 
Cu(TC3) binds as an intercalator whereas external binding is much important for H2TC3 
even though both porphyrins are nominally planar ligands. The rigidity of the system is 
clearly a decisive factor because the intercalation of H2TC3 becomes more important as 
the G≡C content of the host increases. It is therefore no stretch to infer that the rigidity of 
the porphyrin is likely to influence binding as well. Indeed, H2TC3 should be much more 
amenable to undergoing out of plane distortions than Cu(TC3) as multiple studies have 
established that relatively large metal ions like Cu(II) fill the porphyrin cavity and render 
it less susceptible to deformation. The evidence supporting this hypothesis comes from 
studies of the rates of racemization of planar chiral porphyrins,54 as well as kinetic studies 
of atropisomerization processes.55-56 To see why distortion of the porphyrin might 
influence uptake, it is helpful to consider how ligand binding affects the structure of the 
DNA host. 
  The first thing to bear in mind is that high affinity binding of a cationic porphyrin 
to DNA necessarily involves an induced fit.  For example, in order for a porphyrin to 
intercalate the DNA host has to unwind and create a cavity to house the ligand.57 In 
favorable circumstances the host maintains base pairing and its double-helical structure; 
however, the uptake of a very bulky ligand may disrupt Watson-Crick base pairing, at the 
same time forcing a base to extend or ‘flip’out into the solution environment.16,58  The 
host structure or structures that support high-affinity external binding in solution remain 
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to be identified. Solid-state structures of externally bound porphyrins are available,11,59 
but the relevance to solution work is unclear because the porphyrin sandwiches between 
neighboring hosts in the crystal lattice.  What is evident is that a porphyrin does not have 
the crescent-like shape of a natural groove-binding ligand like netropsin.60 Therefore, 
many investigators agree that in order to bind a bulky porphyrin ligand with high affinity 
the DNA molecule almost certainly has to distort from its canonical structure and form a 
suitable binding pocket.20,61-63 From that point of view the term ‘external binding’ may be 
a bit of a misnomer; indeed, recent quenching studies of externally bound Pd(T4) suggest 
that the host largely envelops the ligand.29 Formation of an intimate binding pocket 
presumably involves generating a suitable hydrophobic surface and optimizing Columbic 
contacts. 
 If distorting the host framework enhances binding, a sympathetic or compensatory 
distortion of the porphyrin ligand could certainly further bolster the interaction.  As a 
case in point consider the frequently observed out-of-plane distortions that occur in 
porphyrins.64-65 The impetus for the distortion can come from internal forces, such as 
cadmium(II) insertion (induces doming) or protonation of core nitrogens (results in 
saddling).64,66 Alternatively, incorporating bulky alkyl or aryl substituents on the 
periphery of the porphyrin can also lead to saddling.64 In the context of host-guest 
interactions, Yatsunyk and co-workers have published an X-ray structure that suggests 
the domed structure of N-methyl mesoporphyrin IX actually predisposes it to bind to 
human telomeric G-Quadruplex DNA.67 They find that the 3’-G-tetrad of the host 
naturally presents a complementary inverted dome-like surface geometry and propose 
that additional distortions in the host and guest mutually reinforce each other in the 
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course of adduct formation. H2TC3 would appear to be a logical platform for distortions 
in view of its flexible linker arms which ought to facilitate charge positioning. Consistent 
with inducement of a distortion, the half width of the Soret band increases noticeably 
when H2TC3 binds to a DNA host, even one as flexible as T10. In contrast, incorporating 
copper(II) stiffens the porphyrin, such that it preferentially intercalates into GATTAC, 
even though the stem domain contains mostly A=T base pairs.  Moreover, with Cu(TC3), 
the half width of the Soret band of a DNA-bound form generally remains narrow.  
Another porphyrin that seems to be relatively inflexible is H2T4, perhaps because of its 
bulky aryl substituents which direct the attached positive charges to extend out into 
solution on a rigid axis.  Presumably because of its rigidity, H2T4 exclusively intercalates 
into the G≡C rich host GACGAC, as do Cu(T4) and Cu(TC3), whereas H2TC3 shows the 
ability to bind externally as well to the same host. 
 
3.5 Conclusions 
 The binding studies of meso-substituted tetraalkyl porphyrin and its metelated   
derivatives with some hair-pins as well as single-stranded DNA has been completed. 
These porphyrins derivatives offer exciting possibilities as DNA-binding platforms. The 
steric constraints are modest, and multiple options are available for charging including 
protonation, alkylation of a terminal amine, as well as conjugation with therapeutically 
active metal ions.68  The chain length is another variable.  By comparison with H2T4, the 
H2TC3 system exhibits a higher molar extinction coefficient but is prone to self-
association in aqueous buffer solution. Because of its flexible substituents, Cu(TC3) is 
more adept than Cu(T4) at binding to ss DNA by pseudointercalation. It binds by 
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intercalating into B-form DNA regardless of the base composition. However, self-
stacking on the surface of the host occurs under very high loading conditions. On the 
other hand, the unmetelated form, H2TC3 preferentially binds externally within A=T rich 
domains. Structural changes of H2TC3 enhance the induced fit; one possibility is a 
propeller distortion which would render the porphyrin intrinsically chiral69 as a result the 
intercalation would not be conducible. Such a distortion could, in fact, contribute to the 
shaping of the iCD signal.70  In any case bound forms of H2TC3 exhibit iCD spectra, 
though they are generally more complex than those obtained with H2T4 analogues. 
Mostly bisignate, the iCD signals from bound forms of H2TC3 are predominantly 
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Interactions of water-soluble cationic porphyrins with DNA hosts are important 
due to potential biological applications. Uses in medicine as fluorescent probes in cancer 
diagnostics and as photosensitizers in photodynamic therapy are two broad   research 
areas involving porphyrins. Marzilli and Platz have been also proposed possible 
applications of porphyrins as antiviral agents.1,2 They have large molar absorptivity in the 
red region of the visible spectrum, which are the wavelengths that penetrate into 
tissue.3,4,5 Furthermore, the cationic porphyrins direct photodynamic sensitization action 
towards the polyanionic DNA, and can be inhibitors of the enzyme called telomerase 
which helps to increase the life time  of tumor cells.6,7 
Cationic porphyrins generally adopt three different types of binding motifs to the  
double-stranded DNA sequences: intercalation, groove binding, and aggregation on the 
backbone.8-10 Positively charged cationic porphyrins have electrostatic interactions with 
the negatively charged DNA phosphate backbones.10,11 Binding also depends on the 
various factors like steric effects on the periphery of the porphyrin (nature of the 
substituents), base composition of the DNA, as well as the nature of the central metal 
atom on the porphyrin. When the substituents are bulky, steric interaction with  the DNA 
affects the binding between the ligand and the host.12   Porphyrins   having central metals 
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like Zn(II) and Fe(III) involve axial ligands  which present even more steric restraints and 
exclude ordinary intercalative binding, irrespective of the base sequence.13,14,15  Instead of 
this, non-axially ligated forms like Pd(T4) and Cu(T4), tend to show the same binding 
preferences as H2T4.
9 Structural studies suggest that during intercalation of Cu(T4) the 
major steric issues arise in the minor groove of the DNA where a pair of ligand 
substituents clash with sugar-phosphate backbone residues of the host.16 Recently, 
Marzilli and co-workers have concisely described many studies intended to understand 
how the extension, average charge, and/or size of the peripheral substituents impact the 
binding motif.13 An alternative approach is to reduce the number of substituents around 
the porphyrin’s periphery. Recent studies in McMillin lab have established that 
intercalation is the sole binding motif for the di- and tri-substituted forms.17-20. A 
disadvantage of this approach is that lowering the number of substituents reduces the net 
charge as well as the solubility of the ligand in aqueous solution.   
For this study, the ligand design includes alkyl substituents along with a net 
charge of 4+. The main idea here is to reduce the effective size of the peripheral 
substituents and develop a porphyrin that is more conducive to stacking with DNA bases 
by incorporating flexible alkyl chains around the periphery of the porphyrin. In future 
work it will also be possible to vary the nature of the charging groups as well as the 
length of the chain.  Here, the focus is on Pd(TC3) porphyrin, where Pd(TC3) denotes 





Figure 4.1  Pd(TC3) structure. 
 
Pd(II) is  of interest for this work since it has a d8 configuration with stable square 
planar geometry. On the other hand, the Ni(II) porphyrins show no emission from either 
the singlet or triplet excited state  due to a very low lying d-d state that is lower in energy 
than the excited state. Fluorescence can’t compete with the extremely fast non-radiative 
decay from this state.21 As the size of the metal involved increases, the energy of the d-d 
states is driven up to higher energy, Figure 4.2.  
 
 













Ni(T4) Cu(T4) Pd(T4) 
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The higher energy of this deactivating state and the presence of a heavy metal allows for 
intersystem crossing. With palladium intersystem crossing is efficient but there is 
emission from both the singlet and triplet excited states.22 Indeed, palladium porphyrins 
are of specific importance do to the long lived triplet excited state which interacts with 
oxygen in solution by energy transfer to produce singlet oxygen. A simplified Jablonski 




Figure 4.3 Simplified Jablonski energy level diagram. 
 
After absorption of a photon a molecule gets excited from its ground state (1GS) 
to an excited state (1ES) (pathway 1, Figure 4.3). Then from the excited state, it relaxes 
back to the ground state through radiative and non-radiative decay. 23,24,25 Emission 
between the two states of similar multiplicity is known as fluorescence (pathway 3, 
Figure 4.3) which is a very quick process (nanosecond or sub-nanosecond)26. Generally, 












vibrational levels or heat transformation to the solvent (pathway 2, Figure 4.3). In 
addition to this, non-radiative decay also involves an intersystem crossing from singlet 
excited state(1ES)  to the triplet excited state (3ES), where the electron spin flips and the 
multiplicity of the molecule changes (pathway 4, Figure 4.3). Even though this transition 
is a spin-forbidden process, it can be the dominating pathway for a molecule which has a 
heavy metal. However, this process can be reversible with an ample amount of thermal 
energy.  
The triplet excited state is an excited state that can be deactivated through a 
radiationless decay or emission of a photon. Since it can be a long lived state, 
(nanoseconds to milliseconds),26 there is an opportunity of quenching by interacting with 
another molecule. This effect can be minimized by maintaining the inert atmosphere, i.e. 
purging the sample with nitrogen, as oxygen is often a quencher (pathway 6 in Figure 
4.3). Other quenching mechanisms include energy or electron transfer where energy or an 
electron from a molecule handovers to another molecule or radiative decay from the 
triplet excited state is also possible. Emission of a photon from the triplet to singlet state 
is known as phosphorescence (pathway 5, Figure 4.3).  This process is spin-forbidden 
since it is a transition between two states with difference multiplicities. This forbidden 
nature of the process extends the lifetime of phosphorescence up to milliseconds. The 
main aim of this work is to do the binding studies and to understand what the excited 










The provider of commercial dichloromethane (DCM), dimethylformamide 
(DMF), acetone, methanol (MeOH), and acetonitrile (MeCN) was Mallinkrodt 
Chemicals. Macron Chemicals supplied nitric acid, while the source of hydrochloric acid 
was J.T. Baker. The silica was a product of Sorbent Technologies.  Trizma HCl buffer, 
Trizma base, tetrabutylammonium nitrate, potassium hexafluorophosphate, silica TLC 
plates, acetonitrile, silanizing solutions, potassium tetrachloroplatinate, and potassium 
tetrachloropalladate came from Sigma Aldrich Commercial. Similarly,  Integrated DNA 
Technologies was the provider for hairpin-forming DNA (ds) sequences. The sequences 
obtained were 5’-GATTACttttGTAATC-3' [GATTAC(t4)], 5’-GATTACgaaaGTAATC-
3' [GATTAC(ga3)], 5’-GACGACttttGTCGTC-3' [GACGAC(t4)], and 5’-
GACGACgaaaGTCGTC-3' [GACGAC(ga3)], where lower case letters are the bases 
involved in loop formation. 
 
4.2.2 Methods 
Calculations for percentage hypochroism (% H), absorbance corrected emission (I), and 
the circular dichroism conversion (∆є) were done according to the methods used in 







The syntheses of the Pd(TC3) involves a multi-step process.  To minimize 
photodecomposition, synthesis was done in the dark and the purifications were done in 
diffuse light. The formation of Pd(TC3) occurs in aqueous solution. Pre-treating all 
glassware with acid helps reduce the kinetically favorable incorporation of adventitious 
zinc(II).   
 
4.2.3.1 Di(DMSO)-Dichloropalladium(II) (NB 3.160)  
 Palladium chloride (PdCl2) (600mg, 3.38 mmol, dark red solid) was dissolved in 
excess DMSO (60 mL) in a 100 mL RB and heated to 100 oC for 2 hrs. The resulting 
orange-red color solution was allowed to cool at RT for 30 minutes but no solid was 
formed. Then 30 mL DCM was added and cooled in ice-water. Precipitation started 
after15 min. After 1 hr, it was warmed at RT for 1 hr then filtered; an orange solid was 
collected (699 mg, 2.1 mmol, 62%).20 
 
4.2.3.2 Aquo Complex [Pd(DMSO)2(H2O)2]
2+ (NB 3.161)  
Sliver nitrate (170 mg, 1.6 eq.) was dissolved in 15 mL cold water (cooled in ice-
water) in an acid treated beaker.  Then Pd(DMSO)2Cl2  (190 mg, 0.57 mmol) was  added  
and stirred  2 hrs  in an ice bath in the dark. The reaction mixture was allowed to warm 
up at RT for 1 hr, pale yellow solid started to form. The beaker was left overnight to 
deposit the solid and filtered slowly without disturbing the solid particles. Thus obtained 




4.2.3.3 Palladium Insertion (NB 3.163) 
The nitrate salt of H2TC3 (15 mg, 0.017 mmol) was dissolved in a 15 mL DI 
water in an acid treated 50 mL RB. A pretreated palladium solution 
[{Pd(DMSO)2(H2O)2}
2+
, 1.5 mL] was added to the RB and refluxed in the dark. The Pd- 
solution was added into 3 aliquots to prevent palladium-palladium interactions. Reaction 
progress was monitored by both absorption and emission spectra. The reaction was 
stopped after 52 hours. After insertion, 4 Q- bands were reduced into 2 Q- bands in the 
absorption spectrum and emission was down to zero. Then the reaction mixture was 
filtered; aq. KPF6 was added to the filtrate and kept in the dark overnight. Next morning, 
it was filtered; dark reddish- brown residue was obtained as a hexafluorophosphate form 
of Pd(TC3). Both absorption and emission spectra of the residue were recorded; emission 
was zero in aereated solution. Ion exchange was done with TBAN solution in acetone.  
 
4.2.3.4 Crystallization and Elemental Analysis (NR 2.41, 49, 53)  
Different crystallization methods were tried to get the crystals of the Pd(TC3) salt. 
Among them vapor diffusion of MeCN/THF worked well. Firstly, a saturated solution of 
the purple solid, Pd(TC3)·4PF6 was made in acetonitrile in a 3-dram vial. The vial was 
kept into a small bottle containing THF and capped tightly. The volume of the THF 
should be higher than the solution of the porphyrin. After five days, small red crystals of 
Pd(TC3)·4PF6 were formed inside the vial. Different batches of crystallization were done. 
These crystals were submitted for X-ray crystallography.  
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 Similarly, elemental (C, H, & N) analysis of the crystals was done in Midwest 
Micro Lab, LLC, Indianapolis. Analysis: Calculated for C48H56F24N12P4Pd,   




4.2.4.1 Data Collection 
 
A red needle of C48H56N12Pd·4PF6 having approximate dimensions of 0.20 x 0.08 
x 0.04 mm was mounted on a nylon loop in a random orientation.  Preliminary 
examination and data collection were performed Cu Kα radiation (λ = 1.54184Å). Cell 
constants for data collection were obtained from least-squares refinement, using the 
setting angles of 20021 reflections in the range 2 < θ < 61°. The space group was 













 Table 4.1 Crystallographic data for Pd(TC3).4PF6 
 





formula weight 1487.32 
space group P 1 21/c 1 (No. 14) 
a, Å 6.1173(12) 
b, Å 25.599(6) 
c, Å 18.892(4) 
b, deg 93.270(14) 




temperature, K 150. 
linear abs coef, mm-1 4.679 
2θ range, deg 3.45-122.46 
data collected 20021 










4.2.5 Extinction Coefficient Determination 
The molar extinction coefficient of nitrate salt of Pd(TC3) was determined in 
methanol. In order to find out the extinction coefficient, two different stock solutions 
with slightly different concentrations were prepared. Further dilution of each stock 
solution was done and several samples having different concentrations were prepared. 
Exact concentration of each sample was determined by using molar mass of the 
compound, and then the extinction coefficient of the compound was determined from the 
slope of the plot of absorbance vs concentration.  
 
4.2.6 Instrumentation 
A Varian Cary 100 Bio UV-spectrophotometer yielded absorbance data. Similarly 
emission data came from Varian Cary Eclipse fluorescence spectrophotometer. A JASCo 
J- 810 spectropolarimeter yielded circular dichroism (CD) data. 1H NMR data came from 
a 300 MHz Varian Mercury Inova spectrometer. A modified Cannon-Fenske model 25 
viscometer yielded viscometric data and the used pH meter was a Corning model 430. 
Midwest Microlab, LLC (Indianapolis, IN) carried out all microanalyses. The 
diffractometer was Rigaku Rapid II equipped with confocal optics. 
 
4.2.7 Stock Solutions Preparation 
The solvent used for the stock solution nitrate salt of Pd(TC3) was methanol.  
After dissolving the solid porphyrin into the methanol, the solution was filtered into a 
plastic vial through a 0.2 μm PTFE syringe filter and then stored in a dark at room 
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temperature. Similarly, the DNA stock solution was made by dissolving the DNA as 
received from IDT into 1000 μL buffer (0.05 M Tris HCl, pH 7.5) and stored in a freezer. 
 
4.2.8 General Procedure for DNA Titration  
Silanizing the glassware minimized porphyrin absorption on surfaces.30 The 
concentrations of the stock solutions of either porphyrins or DNAs were calculated before 
each titration using Beer’s law. Extinction coefficients used for the DNA were provided 
by the supplier.  
The method used for carrying out most of the spectrophotometric titrations was 
based on the reported procedure19 and slightly modified for few titrations. The detail 
procedure has been explained in the chapter 3.  
 
Table 4.2 Summary of porphyrins and hairpins (base pairs) with extinction coefficients 
and sequence. 
 









ST                      13,200 
Pd(T4)a              1.58 x105 
Pd(tD4) b            1.50 x105 
Pd(TC3)c            2.57 x105 
aWavelength of 418 nm. bWavelength of 407 nm. cWavelength of 414 nm. 




4.3 Results and Discussion 
 
4.3.1 Pd(TC3) Synthesis 
 Palladium insertion occurs by the reaction of nitrate salt of H2TC3 with aqueous 
palladium-DMSO solution, Pd(DMSO)2(H2O)2
2+. Metal insertion increases the symmetry 




Scheme 4.1 Synthesis of Pd(TC3). 
 
 



































































4.3.2 Crystallization of Pd(TC3).4PF6 (NR 2.41, 49, 53) 
Figure	 4.7	 shows	 the	 crystal	 structure	 of	 the	 Pd(TC3)	 with	




Figure 4.7 ORTEP diagrams of Pd(TC3). 
 
4.3.3 Extinction Coefficient Determination 
The Beer-Lambert law helps to calculate concentration of the stock solutions. The 
slope of the plot of absorbance vs concentration is the extinction coefficient of the 





Figure 4.8 Beer’s law study for Pd(TC3). 
 
4.3.4. Titrations of Pd(TC3) with ds Hosts 
  Unlike the more rigid Pd(T4) analogue, Pd(TC3) is prone to aggregation in 
aqueous solution. Stock solution of the porphyrin was made in MeOH whereas buffer 
was the solvent for DNA. To maintain correct DNA conformation, titrations were carried 
out by keeping the ionic strength at 0.05 M and the pH at 7.5. The fixed concentration of 
the porphyrin was titrated with different concentrations of the DNA sequences.  
Figure 4.9 provides a comparison of the absorption spectra of Cu(TC3) and 
Pd(TC3).  The broadened band width of the Pd-porphyrin   presumably supports the 
smaller extinction coefficient however the actual causes are not known yet. Since both 
Cu(TC3) and Pd(TC3) are ideally planar porphyrins and tend to adopt same binding 
























Previous studies suggests that porphyrins bind preferentially in the stem of the 
hairpins.31  For all  the systems investigated here with Pd(TC3), loop variations have a 
modest effect on the binding as before.32 Both GACGAC(Ga3) and  GACGAC(t4) induce 
bisignate  CD signal  however, they are opposite in sign. The former hairpin has negative 
band at shorter wavelength and the positive band exists at the longer wavelength but vice 





































4.3.4.1 Pd(TC3) with GATTAC(ga3)  (NB 3.174) 
Figures 4.10-4.11 show the results of Pd(TC3) binding with GATTAC(t4). The 
data from absorbance spectra (Figure 4.10) reveal that the absorption changes throughout 
the titration. Upon addition of 8 base pairs, there is a significant hypochromism with 
moderate bathochromic response in the Soret band. After addition of further amount of 
DNA, hypochroism decreases but the red shift gets amplified. At the limiting spectrum, a 
bathochromic shift of ∆λ = 8 nm and a hypochromic response of H = 33%. After adduct 
formation, the observation of luminescence from Pd(TC3) is particularly effective 
because the free porphyrin is basically non-emissive in solution while a strong  emission  
signal is an indication of intercalative binding (Figure 4.11). The emission results show 
an increasing protection from oxygen as the DNA is added. Adduct formation with a host 
like GATTAC(ga3) brings a bisignate CD signal from positive to negative amplitude with 








Figure 4.10 Absorbance spectra of 2.5 μM Pd(TC3) at q = 0 and in the presence of  
GATTAC(ga3) at q = 3.2, 6.4, 9.6, and 12.8 respectively which are the DNA 
concentrations in μM base pairs. For the q = 0 spectrum the solvent is methanol. All 







Figure 4.11 Absorbance-corrected zero-delayed emission spectra of 2.0 uM Pd(TC3) at q 
= 0 and in the presence of  GATTAC(t4) at q = 3.2, 6.4, 9.6, and 12.8 respectively which 
are the DNA concentrations in μM base pairs. For the q = 0 spectrum the solvent is 














































Figure 4.12 Induced CD spectra of 2.0 uM Pd(TC3) at q = 0 and in the presence of  
GATTAC(ga3)  at q = 3.2, 6.4, 9.6, and 12.8 respectively which are the DNA 
concentrations in μM base pairs. For the q = 0 spectrum the solvent is methanol. All 
spectra were taken in one centimeter silanized cell [NR.374]. 
 
 
4.3.4.2 Pd(TC3) with GATTAC(t4)  (NB 3.176) 
Illustrative results of Pd(TC3) binding with GATTAC(t4) appear in  Figures 4.13-
4.15. The absorption changes throughout the titration (Figure 4.13). There is a significant 
hypochromism as well as strong bathochromic response in the Soret band. At the limiting 
spectrum, a bathochromic shift of ∆λ = 10 nm and a hypochromic response of H = 32%. 
The emission data, (Figure 4.14) shows   increasing protection from oxygen. Triplet 
intensity goes to 44 for the limiting spectrum. Adduct formation with a host like 
GATTAC(t4) also brings a bisignate CD signal from negative to positive amplitude with 
negative maximum in the Soret region. The positive branch occurs at longer wavelengths 

















Figure 4.13 Absorbance spectra of 2.5 μM Pd(TC3) at q = 0 and in the presence of  
GATTAC(t4)  at q = 3.2, 6.4, 9.6, and 12.8 respectively which are the DNA 
concentrations in μM base pairs. For the q = 0 spectrum the solvent is methanol. All 




Figure 4.14 Absorbance-corrected zero-delayed emission spectra of 2.5 uM Pd(TC3) at q 
= 0 and in the presence of  GATTAC(t4) at q = 3.2, 6.4, 9.6, and 12.8 respectively which 
are the DNA concentrations in μM base pairs. For the q = 0 spectrum the solvent is 





































Figure 4.15 Induced CD spectra of 2.5 uM Pd(TC3) at q = 0 and in the presence of  
GATTAC(t4)  at q = 3.2, 6.4, 9.6, and 12.8 respectively which are the DNA 
concentrations in μM base pairs. For the q = 0 spectrum the solvent is methanol. All 
spectra were taken in one centimeter silanized cell [NR.376]. 
 
 
4.3.4.3. Pd(TC3) with GACGAC(ga3) (NB 3.170)  
Absorbance, emission, and iCD measurements clearly signal that Pd(TC3) binds 
to the GACGAC(ga3) host. Figures 4.16-4.18 show the obtained results.  Absorption 
spectra expose that interaction with the host induces a significant hypochromism as well 
as a strong bathochromism in the Soret band.  At the limiting spectrum, the total shift in 
the Soret is 14 nm and a hypochromic response is of 38% (Figure 4.16). Usually the band 
shifts of those magnitudes are indicative of intercalative binding to ds DNA. The 
emission data (Figure 4.17) show immediate oxygen protection as the DNA is added. 
Existence of a strong emission signal from the Pd(TC3) with GACGAC(ga3) indicates  
oxygen protection in presence of the DNA. The iCD signal obtained is typically bisignate 
from negative to positive intensity with the negative maximum at the Soret wavelength. 
The positive branch occurs at shorter wavelengths (Figure 4.18) when GACGAC(ga3) 


















Figure 4.16 Absorbance spectra of 2.5 μM Pd(TC3) at q = 0 and in the presence of  
GACGAC(ga3)  at q = 3.2, 6.4, 9.6, and 12.8 respectively which are the DNA 
concentrations in μM base pairs. For the q = 0 spectrum the solvent is methanol. All 






Figure 4.17 Absorbance-corrected zero-delayed emission spectra of 2.5 μM Pd(TC3) at q 
= 0 and in the presence of  CACGAC(t4)  at q = 3.2, 6.4, 9.6, and 12.8 respectively which 
are the DNA concentrations in μM base pairs. For the q = 0 spectrum the solvent is 





































Figure 4.18 Induced CD of 2.5 μM Pd(TC3) with 32 μM GACGAC(t4). The spectrum 
was taken in one centimeter silanized cell [NR 3.181]. 
 
 
4.3.4.4. Pd(TC3) with GACGAC(t4) (NB 3.170)  
Figures 4.19-4.21 illustrate how the spectroscopic properties of the porphyrin 
varies with the composition of the GACGAC(t4) host. Absorption spectra expose that 
interaction with the host induces a moderate hypochromism as well as a bathochromism 
in the Soret band.  At the limiting spectrum, the total shift in the Soret is 8 nm and a 
hypochromic response is of 20% (Figure 4.19). However, the emission data, (Figure 
4.20) show an immediate oxygen protection from the DNA. The obtained iCD signal has 
a positive as well as a negative maximum, with the positive band at shorter wavelength 













Figure 4.19 Absorbance spectra of 2.0 μM Pd(TC3) at q = 0 and in the presence of  
GACGAC(t4)  at q = 8, 16, 24, and 32 respectively which are the DNA concentrations in 
μM base pairs. For the q = 0 spectrum the solvent is methanol. All spectra were taken in 




Figure 4.20 Absorbance-corrected zero-delayed emission spectra of 2.0 μM Pd(TC3) at q 
= 0 and in the presence of  CACGAC(t4)  at q = 8, 16, 24, and 32 respectively which are 
the DNA concentrations in μM base pairs. For the q = 0 spectrum the solvent is methanol. 










































Figure 4.21 Induced CD of 2.5 μM Pd(TC3) with 32 μM GACGAC(t4). The spectrum 
was taken in one centimeter silanized cell [NR 3.170]. 
 
 
4.3.4.5. Pd(TC3) with GACGAC(t4), New Addition Mode (NB 3.170)  
Figures 4.22-4.23 show the obtained results   from the titration of Pd(TC3) with 
GACGAC(t4). Here, the method used for carrying out spectrophotometric titrations was 
slightly modified from the reported procedure. To facilitate equilibration of the sample 
for each step in a serial titration, the procedure was to add half the volume of buffer 
needed, followed in order by aliquots of salt solution, DNA, and porphyrin before adding 
the rest of the buffer. Absorption spectra expose that interaction with the host induces a 
moderate hypochromism as well as a bathochromism in the Soret band.  At the limiting 
spectrum, the total shift in the Soret is 8 nm and a hypochromic response is of 37% 
(Figure 4.22). However, the emission data, (Figure 4.23) show an immediate oxygen 
protection from the DNA. The iCD signal obtained is bisignate from positive to negative 
intensity with negative maximum at the Soret wavelength. The positive branch occurs at 















change of  addition mode enhances the obtained results (significance hypochroism as 
well as more negative iCD) (Table 4.2).  
 
 
Figure 4.22 Absorbance spectra of 2.0 μM Pd(TC3) at q = 0 and in the presence of  
GACGAC(t4)  at q = 8, 16, 24, and 32 respectively which are the DNA concentrations in 
μM base pairs. For the q = 0 spectrum the solvent is methanol. All spectra were taken in 




Figure 4.23 Absorbance-corrected zero-delayed emission spectra of 2.0 μM Pd(TC3) at q 
= 0 and in the presence of  CACGAC(t4)  at q = 8, 16, 24, and 32 respectively which are 
the DNA concentrations in μM base pairs. For the q = 0 spectrum the solvent is methanol. 







































Figure 4.24 Induced CD of 2.0 μM Pd(TC3) with 32 μM GACGAC(t4). The spectrum 
















Table 4.3 Physical data obtained with hairpins (ds) hosts. 
Porphyrin DNA Host Absorbance Emission iCD   














































































aAddition mode change: add half the volume of buffer needed, followed in order by 
aliquots of salt solution,  DNA, and porphyrin before adding the rest of the buffer. 
 
4.4 Conclusions 
Synthesis and charactrization of Pd(TC3) has been completed. The compound 
was characterized by absorbance, and emission spectroscopies, as well as elemental 
analysis, and X-ray crystallography. It has the Soret band at 414 nm and the Q-bands are 
in 528 and 563 nm. The titration results obtained from absorption suggest the 
intercalation with ds DNA. The Soret band shift (∆λ) is greater than the Zn(TC3) and the 
hypochroism (%H) is more reliable due to the no band broadening.  A significant 
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hypochroism and a pronounced bathochroism are the signatures of the intercalation 
(Table 4.2). However, the weak CD results (compare to Cu(TC3)) are quite complicated 
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CHAPTER 5. COMPETITIVE DNA BINDING STUDIES WITH SINGLE STRANDED 





Cationic porphyrins can have diverse substituents in either the meso carbons or in 
β positions. These peripheral substituents have an intense effect on the binding of the 
porphyrins to multistranded DNA hosts.1 Possible applications of these systems in 
photodynamic therapy, antibacterial and anticancer regimens assist in motivating the 
DNA-binding studies.2,3 Fiel and co-workers introduced the most commonly studied 
ligand, 5,10,15,20-tetra(N-methylpyridinium-4-yl)porphyrin4, H2T4, shown  as the 



















The mode of the DNA-binding of the ligand depends on a number of factors like 
columbic interactions, van der Waals’ forces, hydrophobic interactions, steric effects as 
well as the composition of DNA host. Insertion of different metal ions into a porphyrin’s 
core can change the mode of binding as well. H2T4 and its metal-containing forms 
participate in three different types of binding with double-stranded (ds) B-form DNA: 
intercalation between base pairs, external or groove binding, and/or outside stacking.2,3,5 
Marzilli and co-workers explored the binding effects by extending the aryl substituents 
by varying the number and location of cationic charge centers.6 An alternative approach 
is to reduce the number of substituents and decrease steric demands, though at the cost of 
lowering charge as well as the solubility in aqueous buffer solution.7-11  
Single-stranded (ss) DNA belongs in the library of hosts because it is present 
during replication, as well as in various types of DNA secondary structure.12 Binding 
interactions with ss DNA also affect melting processes and/or encourage the disassembly 
of multistranded forms. The ss form is probably the most flexible structure among all of 
the DNAs and provides incomparable access to individual bases. Previous binding studies 
with ss DNA have dealt with ligands ranging from acridines13 and thiazole orange 14 to 
short peptides 15 and a cationic porphyrin.5 The ss DNA-binding studies presented herein 
focus on copper(II)-containing forms of H2T4 (Figure 5.1) and trans-5,15-di(N-






Figure 5.2 Cu(tD4). 
 
The copper(II) porphyrins are extremely useful for binding studies because of 
their unique emission properties which  help  to establish the binding motif.7, 8, 16 For the 
copper(II) porphyrin to exhibit luminescence, the host must internalize the ligand and 
protect the metal center from axial attack of Lewis bases, including water. Pseudo-
intercalation      between bases of ss DNA proves to be the preferred binding motif for the 





The DNA sequences were products of Integrated DNA Technologies (IDT). The 
hosts included 5′-(dT10)-3′, and 5′-d(AACCAACCAACCAACC)-3′, abbreviated T16, and 
[A2C2]4, respectively. The 16-mer, hairpin-forming sequences were 5′-
d(GATTACttttGTAATC)-3′ and 5′-d(GACGACttttGTCGTC)-3′, where the lower-case 
letters designate an internal, loop-forming run of thymines, and the abbreviated names for 
the hosts are GATTAC and GACGAC, rspectively. Silanization solution (5% 
dichlorodimethylsilanes in n-heptane), Trizma HCl, and Trizma Base came from Sigma. 
138 
 
Mallinckrodt was the source for potassium chloride (KCl), methanol (MeOH), and 
hexanes; Koptec supplied ethanol. [Cu(T4)](NO3)4 and [Cu(tD4)](NO3)2 were available 
from previous studies.17  
5.2.2 Instrumentation 
In terms of equipment, the absorbance spectrophotometer was a Varian Cary 100. 
A Varian Cary Eclipse with a R3896 phototube detector and a JASCO-J180 unit served 
as the fluorimeter. A JASCO-J180 spectropolarimeter worked for the circular dichroic 
measurements. The pH meter was a Fisher Accumet Basic AB15. 
 
5.2.3 Methods and General Equations 
 
5.2.3.1 Binding Constant Ratio Calculation 
Equation 5.5 serves for the calculation of the binding-constant ratio, KH/KS, where 
KH (KS) is the formation constant for the 1:1 adduct of porphyrin with a DNA (ds or ss) 
host.20 Equation 5.6 is the definition of R where WH represents the fraction of porphyrin 
bound to the ds host in a competition experiment. Finally, CH (CS) is the concentration of 
the ds (ss) host in strands per unit volume, and PT is the total porphyrin concentration in 
solution. 
 
	                                   (5.5) 
 
	                                                (5.6)  
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5.2.4 General Procedure for DNA Titration with Copper(II) Porphyrins 
The concentrations of the stock solutions of either porphyrins or DNAs were 
calculated before each titration using Beer’s law (equation 5.1). Extinction coefficients 
used for the DNA were provided by the supplier. Concentration of the DNA stock 
solutions was determined by diluting 10.0 μL of the stock solution into 2000 μL of Tris 
buffer (0.05 M, pH 7.5). Then the absorption spectrum was recorded and the 
concentration was calculated using Equation 5.1. In the same way, porphyrin’s stock 
solutions concentration was calculated by adding 20.0 μL of stock solution into 1500 μL 
of suitable solvents [(50% MeOH in buffer for Cu(tD4) and only tris buffer for Cu(T4)].  
The method used for carrying out spectrophotometric titrations was as before,17 
except here the KCl concentration was 150 mM. The concentration of Cu(T4) was 3.0 
μM versus 2.5 μM for Cu(tD4). Competitive binding studies followed the method of 
Thomas, et al.20 By design in that experiment, the concentration of each host present is 
always high enough (5 strands/porphyrin) to take up all of the porphyrin. A comparison 
of the responses obtained with the mixed-host solution and the two controls, each 
containing only a single host, yields information about relative binding constants. The 
total porphyrin concentration was always the same. Overnight incubation at room 
temperature ensured complete equilibration. 







Table 5.1 List of Molar Extinction Coefficient 
Species              ɛ (260 nm, M-1 cm-1) 
GATTAC          18,300c 
GACGAC         18,300c  
[A2C2]4              156,800
d  
T16                     130,200
d 
Cu(T4)a             2.31 x105 
Cu(tD4)b           1.37 x105 
 
aWavelength of 424nm in buffer.bWavelength of 410 nm in 50% by volume MeOH. 




Titrations were carried out in Tris buffer having ionic strength of 0.05 M and the 
pH was adjusted to 7.5 using Tris-base. This ionic strength and pH keep the DNAs in the 
correct conformation.  
 
5.3.1 DNA-Binding Studies (ds & ss) 
Cu(T4) and Cu(tD4) were titrated with both single stranded (ss)  and double 
stranded (ds)  DNA hosts. The results were predicted to show the binding modes by the 
sterically-hindered Cu(T4), and the sterically-friendly Cu(tD4). With each ss DNA host, 
uptake of Cu(T4) induces a modest bathochromic shift of 4–6 nm and a very weak 
emission signal from the porphyrin (Table 5.2). Results in Figure 5.3 and Table 5.2 also 
reveal the Soret band generally exhibits a hyperchromic response, much like one 
observes with external binding of Cu(T4) to [poly(dA-dT)]2.
2,3,5 In all cases the induced 
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circular dichroism (iCD) signals in the Soret region are negative (Figure 5.5, Table 5.2), 
consistent with what Pasternack et al. reported for Pt(T4) interacting with poly(dA).5 
  However, the results are very different for the uptake of Cu(tD4). The 
hypochromic responses generated are much larger, ranging from 40 to 80% in the Soret 
region even though the bathochromic shifts remain modest at 6−8 nm. Another marked 
difference is that the bound forms of Cu(tD4) exhibit much stronger emission signals 
(Table 5.2). In term of iCD signals, Figure 5.13 reveals the uptake of Cu(tD4) produces 
positive iCD signals in the Soret region. Another curious finding is that the iCD signal 
generally maximizes at a longer wavelength than the Soret absorption. 
 
5.3.1.1 Titration of Cu(T4) with (A2C2)4 (NR 4.27) 
Figures 5.3-5.5 show the results from the titration of Cu(T4) with (A2C2)4. The 
absorption changes throughout the titration (Figure 5.3). Upon the addition of 8 base 
pairs per porphyrin, hypochromism is strong, but the red shift is small, (4 nm in total). 
This red shift in the Soret remains constant even further addition of more DNA however, 
the hypochroism decreases. The modest red shift in the Soret with the slight hypochromic 






Figure 5.3 Absorption spectra of the titration of Cu(T4) with (A2C2)4. All spectra were 
taken in a one centimeter silanized cell and the baseline was Tris-HCl buffer [NR 4.27]. 
 
 
The emission intensity (Figure 5.4) was about 0.5, which shows that Cu(T4) gained a 




Figure 5.4 Absorption corrected emission spectra of the titration of Cu(T4) with (A2C2)4. 
All spectra were taken in a one centimeter silanized cell and the baseline was Tris-HCl 














































Figure 5.5 Induced CD spectrum of the titration of Cu(T4) with 40 uM (A2C2)4. The 
spectrum was taken in a one centimeter silanized cell and the baseline was Tris-HCl 
buffer [NR 4.27]. 
 
 
Herein, the small hyperchromic shift, low emission and negative iCD signal are the 
indication of the outside binding of Cu(T4) with (A2C2)4. 
 
 
5.3.1.2 Cu(T4) with T16 [NR 3.68]      
 
Figures 5.6 and 5.7 show the results of the titration of Cu(T4) with T16. The 
absorption spectrum (Figure 5.6) shows that even at only 16 μM T16 the Soret band 
underwent a hyperchromic shift, which grew higher by the final addition of DNA at 40 
μM T16. The iCD, (Figure 5.7) has a small negative hint to it, but it does not give a very 
definitive signal. The hyperchromic shift, small red shift (4 nm), and the lack of iCD 
















Figure 5.6 Absorbance spectra of the titration of Cu(T4) with T16. All spectra were taken 





Figure 5.7 Induced CD spectrum of the titration of Cu(T4) with 48 uM T16. All spectra 




5.3.1.3 Cu(T4) with GACGAC (Hairpin) [NR 4.22] 
 Figures 5.8-10 show the results from the titration of Cu(T4) with GACGAC. The 
absorption changes (Figure 5.8) throughout the titration. Upon the addition of 8 base 
pairs per porphyrin, there is a great deal of hypochromism, and a fairly large red shift. 





























interaction points to the double loading of the porphyrin at low DNA concentration, and 
spreading out and intercalating into different hairpins upon the addition of more DNA. At 
the limiting spectrum, the total shift in the Soret is 10 nm, which indicates a more 
intimate form of binding, i.e. intercalation. 
 
 
Figure 5.8 Absorption spectra of the titration of Cu(T4) with GACGAC. All spectra were 
taken in a one centimeter silanized cell and the baseline was Tris HCl buffer [NR 4.22]. 
 
 
The emission data, Figure 5.9, shows increasing protection from solvent as the 
DNA is added.  
 
 
Figure 5.9 Absorption-corrected emission spectra of Cu(T4) with GACGAC. All spectra 







































Similarly, the iCD spectrum, Figure 5.10 shows a distinct induced negative signal. The 
signal maximizes at the Soret peak. Pronounced hypochromism, strong emission, and 





Figure 5.10 Induced CD spectrum of the titration of Cu(T4) with GACGAC. All spectra 





5.3.1.4 Cu(tD4) with T16 [NR 3.70] 
 
The results are very different for the uptake of Cu(tD4). First, hypochromic 
responses generated are much larger, ranging from 40 to 80% in the Soret region (Table 
5.2), even though the bathochromic shifts remain modest at 6–8 nm (Figure 5.11). 
Another marked difference is that the bound forms of Cu(tD4) exhibit much stronger 
emission signals (Figure 5.12). In terms of iCD signals, Figure 5.13 reveals the uptake of 
Cu(tD4) produces positive iCD signals in the Soret region. Another curious finding is that 















Figure 5.11 Absorption spectra of the titration of Cu(tD4) with T16. All spectra were 







Figure 5.12 Absorption-corrected emission spectra of the titration of Cu(tD4) with T16. 
All spectra were taken in a one centimeter silanized cell and the baseline was Tris HCl 















































Figure 5.13 Induced CD spectra of the titration of Cu(tD4) with T16. All spectra were 
taken in a one centimeter silanized cell and the baseline was Tris-HCl buffer [NR 3.70]. 
 
 
5.3.1.5 Cu(tD4) with GATTAC [NR 3.74] 
Figures 5.14-16 show the results from the titration of Cu(tD4) with GATTAC. The 
absorption changes (Figure 5.14) throughout the titration. Upon the addition of 8 base 
pairs per porphyrin, there is a great deal of hypochromism, and a fairly large red shift. 
This red shift in the Soret amplifies upon the addition of more DNA. This data points to 
double loading of the porphyrin at low DNA concentration, and spreading out and 
intercalating into different hairpins upon the addition of more DNA. At the limiting 
spectrum, the total shift in the Soret is 16 nm, which points to intercalative binding. The 
emission data, Figure 5.15, shows an instant protection from oxygen as the DNA is 
added. The CD spectra, Figure 5.16, show a distinct induced negative signal once the 
porphyrin-to-DNA ratio reaches 1:2. The signal maximizes at the Soret peak. This 

















Figure 5.14 Absorbance spectra of the titration of Cu(tD4) with GATTAC. All spectra 






Figure 5.15 Absobance-corrected emission spectra of the titration of Cu(tD4) with 
GATTAC. All spectra were taken in a one centimeter silanized cell and the baseline was 











































Figure 5.16 Induced CD spectra of the titration of Cu(tD4) with GATTAC: All spectra 




























Table 5.2 Physical Dataa for Cu(T4) and Cu(tD4) Interacting with both ss & ds DNA 
Hosts. 
 
Porphyrin DNA Host Absorbance Emission   iCD   
  Δλ, nm b %H  λ,nm
c    Δε, M-
1cm-1 
Cu(T4)d (T 16)












 f 5 2 <0.5 420 15 
 
 CG(t4)
 f 10 34 2.3 436 -29 
 
Cu(tD4)g (T16)





 f 16 24 3.7 415 -20 
 
 CG(t4)
 f 16 28 4.8 414 -10 
 
 
aData correspond to limiting spectra obtained at high strand-to-porphyrin ratios. 
bBathochromic shift in Soret peak. cWavelength where max or min occurs in iCD 
spectrum. dSoret maximum at 424 nm in buffer. eResults with ss DNA. fResults with 
DNA hairpin gSoret maximum at 410 nm in 50% MeOH. 
 
 
5.3.2 Competitive Binding Studies 
Competitive binding studies reveal the relative affinities the porphyrins have for a 
double-stranded as opposed to a ss DNA platform. Experiments involve allowing 
Cu(tD4) and Cu(T4) by turns to equilibrate in a solution containing both a large excess of 
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a single-stranded host and a DNA hairpin. Hairpin-forming sequences make useful DNA 
hosts because the double-stranded stems readily takes up porphyrin ligands.7, 21 
The bulkier Cu(T4) system is quite interesting because it binds externally to each 
host, and each once again induces iCD signals of the opposite sign. The first finding of 
note is that GATTAC decisively outcompetes T16 for both copper-containing porphyrins. 
 
5.3.2.1 Cu(T4) with GATTAC & T16 [NR 3.81] 
For the competition experiment a 16-mer, T16 is the ss substrate of interest so that 
both hosts contain the same number of bases. Figures 5.17 and 5.18 present data from 
competition experiments involving Cu(T4) with GATTAC & T16. Analysis of the CD 
results is convenient because Cu(T4) does outside binding with both GATTAC and T16 
hosts but induce iCD signals of opposite sign. Informatively, for the mixed-host solution 
containing T16 and GATTAC the iCD signal is positive and reveals no hint of the adduct 
formed with T16. 
 
 
Figure 5.17 Competition study monitored by absorption spectroscopy: 3 uM 
Cu(T4)(black) interacting with  GATTAC (ds, green), T16 (ss, pink), and a mixture of 




















Figure 5.18 Competition study monitored by iCD spectroscopy:  Cu(T4) interacting with 
GATTAC (green), ss T16 (pink), and a mixture of both hosts (brown)  [NR 3.81]. 
 
5.3.2.2 Cu(tD4) with GATTAC &T16 [NR 3.81]  
Figures 5.19 and 5.20 present data from competition experiments of Cu(tD4) with 
GATTAC and T16. Both hosts internalize Cu(tD4) but induce iCD signals of opposite 
sign. The iCD for GATTAC is of negative whereas T16 forms positive iCD.  Binding to 
the ds host still dominates because the iCD signal is for the mixed-host solution 
containing T16 and GATTAC, strictly negative.  
 
 
Figure 5.19   Competition study monitored by absorption spectroscopy: Cu(tD4). black) 


































Figure 5.20 Competition study monitored by iCD spectroscopy:  Cu(tD4)  interacting 
with GATTAC (green), ss T16 (pink), and a mixture of both hosts (brown) [NR 3.81]. 
 
5.3.2.3 Cu(T4) with GACGAC & T16 [NR 4.28] 
The other hairpin used is GACGAC. This is an apt choice because Cu(T4) binds 
by intercalation due to the larger number of G≡C base pairs in the stem.7,17 In the 
competition involving Cu(T4) with GACGAC along with T16 as hosts, an analysis based 
on absorbance data is possible because of the shifts that occur    when the porphyrin 
intercalates into ds DNA. Here the binding to the ss host is more competitive than the 
other studies even though the ds binding dominate. The hypochroism and and the iCD 





















Figure 5.21Competition study monitored by absorption spectroscopy:  Cu(T4) (black), 





Figure 5.22 Competition study monitored by iCD spectroscopy:  Cu(T4) interacting with 
excess GACGAC (ds, blue), excess T16 (ss, pink), and a mixture of both hosts (green) 
[NR 4.29]. 
 
5.3.2.4 Cu(tD4)  with T16 & GACGAC [NR 4.36] 
Furthermore, for the sterically friendly Cu(tD4) system the binding to the ds host 
involved still dominates (Figures 5.23 & 5.24).  Herein, analysis of the CD results is still 
convenient because both hosts internalize Cu(tD4) but induce iCD signals of opposite 































solution containing  both T16 and GACGAC the iCD signal is solely  negative and reveals 
no hint of the adduct formation with T16.  
 
 
Figure 5.23 Competition study monitored by absorption spectroscopy: Cu(tD4) (black), 





Figure 5.24 Competition study monitored by iCD spectroscopy:  Cu(tD4) (black), 




































5.3.2.5 Cu(T4) with GACGAC & (A2C2)4 [NR 4.39] 
The GACGAC host fares much better in a competition for Cu(T4) with the 16-
mer (A2C2)4 for binding to the hairpin. The illustrative results from absorption and 
emission are shown in Figure 5.25 and 5.26.  The % hypochroisms are same for the 
GACGAC alone as well as mixture with (A2C2)4 and the emission is almost same. Thus, 




Figure 5.25 Competition study monitored by absorption spectroscopy: Cu(T4) (black), 
interacting with GACGAC (ds, green), (ss, (A2C2)4) ( red), and a mixture of both hosts 























Figure 5.26   Competition study monitored by absorption-corrected emission 
spectroscopy: Cu(T4) (black), interacting with GACGAC (ds, green), (ss, (A2C2)4) ( red), 
and a mixture of both hosts (purple) [NR 4.39]. 
 
5.3.2.6 Cu(T4)  with GATTAC & (A2C2)4 [NR 4.32] 
Figures 5.26 and 5.27 are the results from competition experiments involving 
Cu(T4) with GATTAC and (A2C2)4. The ligand does outside binding with both hosts. 
However, analysis of the iCD results is more convenient because Cu(T4) does outside 
binding with both hosts but induce iCD signals of opposite sign. At the same time, the 
mixed-host solution containing (A2C2)4 and GATTAC induces the positive iCD signal 






















Figure 5.27 Competition study monitored by absorption spectroscopy:  Cu(T4) (black), 
interacting with GATTAC (ds, blue), (ss, A2C2)4 (red), and a mixture of both hosts 
(green) [NR 4.32]. 
 
 
Figure 5.28 Competition study monitored by iCD spectroscopy: Cu(T4) interacting with 




5.4.1 Choices of Hosts 
While poly(dT) and poly(dA) would both be serviceable single-stranded hosts,1 

































alternatives. One reason is that physiologically important structures like a transcription 
bubble present ss DNA segments of limited length. The lengths of the hosts employed 
herein are admittedly arbitrary, but runs of 8–12 nucleotides are certainly reasonable 
choices in view of published estimates which show intercalative or external binding of 
H2T4 derivatives typically encompass anywhere from 2–4 base pairs of ds DNA.
22-24  
Including an oligonucleotide with uridine bases instead of thymine bases is worthwhile 
because the extra methyl group on thymine may impact the uptake of a bulky porphyrin 
for steric reasons.25 Few of the oligonucleotides in Table 5.2 incorporate guanine as a 
base because the focus is on binding interactions with ss DNA. With guanine-rich 
sequences self-association is common due to favorable stacking interactions and 
numerous options for base-to-base hydrogen bonding.26 Electrophoresis shows, for 
example, that T6 migrates as a monomer, but G6 migrates as a higher molecular weight 
species.27 In practice, poly(dA) is also capable of self-association but normally only at 
low pH.28 
In terms of ds DNA, the GATTAC and GACGAC systems are ideal for 
competition studies. The reason is comparisons are more straightforward when the two 
kinds of hosts involved have commensurate numbers of bases; however, the formation 
constants for duplexes with such short runs of nucleotides are quite low.29 Fortunately, 
utilizing an appropriate hairpin-forming sequence solves the problem,21,30 and a hairpin 
like GATTAC, is an apt choice for a number of reasons. One reason is that the presence 
of a tight 5′-t4-3′ interior loop domain helps stabilize the hairpin structure and minimizes 
the opportunities for loop-based binding.30 Closing C≡G base pairs at either end of the 
stem, especially at the loop end, limits fraying of the ds domain.31 Multiple reports have, 
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in fact, established the viability of hairpins as ds hosts, as DNA intercalators generally 
target the stem domains.17,21,32,33 Beyond that, studies of the ligands H2T4, Cu(T4), and 
Pd(T4) interacting with programmable hosts like GATTAC and GACGAC have 
established that the base composition of the stem domain completely determines whether 
the porphyrin binds by intercalation or externally.8,17,34 
 
5.4.2 Binding Motif 
Spectroscopic methods can be reliable indicators of the binding motif a cationic 
porphyrin adopts when interacting with a nucleic acid host.3,6,35-38 In light of the 
extremely intense electronic spectrum, it is not surprising that absorption spectroscopy 
has been one of the most often applied methods. In the region of the Soret absorption, for 
example, sizable bathochromic and hypochromic effects occur when the porphyrin 
internalizes into a host and stacks amidst aromatic base residues.3,11,35 In contrast, 
external binding induces a smaller bathochromic shift and little or no hypochromism, by 
virtue of weaker coupling with the bases. Luminescence studies of copper(II) porphyrins 
are also diagnostic. Although the porphyrin-based phosphorescence is weak, at best, by 
comparison with the fluorescence of the unmetalated porphyrin, the signal from the 
copper(II) form is uniquely sensitive to the local environment and indicative of 
internalization into the host. The unusual sensitivity comes about because interaction of 
the copper(II) center with any coordinating agent, including a solvent molecule, results in 
extremely efficient emission quenching.3,7,9,16,17,39 As a consequence, only internally- 
bound copper (II) porphyrins are emissive, due to shielding by DNA or RNA bases. 
Externally-bound forms are effectively nonemitting.16, 17, 37 
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Spectral comparisons clearly reveal that Cu(T4) and Cu(tD4) interact very 
differently with ss DNA hosts. In the case of Cu(T4), the binding-induced changes in 
absorbance and emission spectra are very modest and consistent with external binding. 
The lone exception is the interaction with A10, which produces a significant hypochromic 
response. In keeping with results previously reported for poly (dA),5 this host is one that 
could plausibly support internalization/pseudointercalation of Cu(T4) due to the presence 
of the large-surface-area, bicyclic, adenine bases. Even with A10, however, the bound 
form of Cu(T4) does not exhibit a significant emission signal. In contrast, even all-
pyrimidine hosts clearly internalize Cu(tD4), as evinced by the strength of the emission 
signals and the hypochromic responses. The magnitude of the hypochromism strongly 
suggests that bases of the host extend over both the top and bottom faces of the bound 
form of Cu(tD4). Hypochromic responses recorded in Table 5.2, in fact, exceed those 
observed with ds DNA hosts.8,17 With an ss host, achieving an induced fit of the 
porphyrin7,40 may be an easier proposition because there are no base-pairing constraints.13 
Top-and-bottom stacking, or pseudointercalation, is clearly a plausible mode of binding 
for Cu(tD4) because base stacking within runs of ss DNA often gives rise to local helix 
formation.5, 41 However, as with B-form DNA, the bulky Cu(T4) system usually binds 
externally for steric reasons. Recognizing the steric issues posed by H2T4-like 
porphyrins, early workers focused on the fact that all four N-methylpyridinium-4-yl 
substituents must twist out of the plane of the porphyrin core to avoid clashes involving 
ortho groups.4,7,42 The analogous porphyrin with four N-methylpyridinium-2-yl 
substituents in place is so rigid that it is altogether incapable of intercalating into B-form 
DNA.23 Clashes with sugar–phosphate residues can also be problematic as revealed by an 
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X-ray crystallographic study of the adduct formed by Cu(T4) and a B-form host.43 
Finally, published molecular dynamics calculations suggest there are unfavorable steric 
contacts with methyl groups on thymine when H2T4 intercalates amidst alternating A=T 
base pairs.44 
Thomas and McMillin later compared the binding of H2T4 with B-form hosts that 
had U=T instead of A=T base pairs, but they found no difference in binding motif.20 They 
concluded that the steric influence of the methyl group at the C5 position of thymine 
could not be the reason the porphyrin opts for external binding as opposed to intercalation 
between A=T base pairs. However, the steric demands of the thymine methyl group 
originally recognized by Ford, et al.44 may actually influence binding to ss hosts by 
limiting the extent of stacking with the porphyrin ligand. The telling indicator is that the 
hypochromic effect observed with U8 greatly exceeds that obtained with T10 or T16 (Table 
5.2). As revealed in Figure 5.6, the hypochromic effect is actually much greater with T10 
at low host concentration; however, the enhanced hypochromism cannot be due to 
interaction with DNA bases, because the Soret band experiences a hypsochromic shift as 
opposed to a bathochromic shift. The same phenomenon can occur during titrations 
involving B-form DNA hosts, especially with low-charge-bearing, sterically-friendly 
orphyrins like Cu(tD4),9,28 due to exciton coupling between near-neighbor porphyrins. 
Cooperative uptake facilitates near-neighbor binding and promotes porphyrin–porphyrin 
interactions. Cooperative binding is likely when the structural reorganization that attends 
the binding of one ligand facilitates the uptake of the next; Giri et al. has reported the 
same effect occurs with ligand binding to poly(rA).45 Later in the titration, when excess 
T10 is present in solution, the hypochromism becomes less pronounced as entropy 
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encourages ligand migration to separate domains. Ligand–ligand coupling can also give 
rise to a characteristically bisignate, or conservative iCD signal;9,28 however, there is no 
indication of a bisignate iCD signal during the titration with T10. The relatively flexible 
T10 system may simply be incapable of maintaining a chiral relationship between near-
neighbor ligands in the same way a ds host can. 
 
5.4.3 Competitive Binding and iCD Spectroscopy 
In a competition study the iCD spectrum can be quite informative because the free 
porphyrins are achiral so that adduct formation is completely responsible for signal 
generation. In a simple dipole-allowed electronic absorption, the ground and excited state 
wave functions must interfere with each other and generate, at least transiently, a net 
charge displacement along some axis of the molecule.46 To observe circular dichroism, 
on the other hand, the charge flow must be somewhat helical.47 A common method of 
inducing a CD signal is via exciton coupling to a chirally related chromophore of the 
host,48,49 but it is also possible for binding to DNA to induce a chiral distortion in the 
porphyrin itself.34,50 Predicting the response is not easy, and the contribution from 
excitonic coupling depends critically on the relative orientations of the transition 
moments involved. Indeed, reorientation of the chromophore relative to the bases of the 
host explains why the iCD response differs markedly when actinomycin D binds by 
intercalation into ds DNA as opposed to pseudointercalation into ss DNA.51 With 
porphyrins, for which absorption is electron-dipole allowed in any in-plane direction, the 
analysis is almost always empirical.52,53 One rule of thumb is that H2T4 and its metalated 
forms exhibit negative iCD signals when they intercalate into ds DNA.7,22,35 On the other 
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hand, external binding frequently induces an iCD signal with a positive sign. The signal 
is sometimes bisignate, perhaps because the geometry of the externally bound adduct is 
more variable.21  Since excitonic interactions with the DNA bases are apt to be weaker 
with external binding, it is also possible that a chiral distortion, imposed by the induced 
fit,7 may be an important factor determining the response. 
Even if the understanding of the induction mechanism(s) remains incomplete, the 
iCD signal can be useful for analyzing the results of a competitive binding experiment. 
As the signal-to-noise ratio is inherently greater in absorption spectroscopy, however, the 
latter technique offers better precision when the two types of adducts exhibit very 
distinctive absorption spectra. Regardless of the method used, analysis reveals that 
Cu(tD4) and Cu(T4) consistently show a preference for binding to a ds as opposed to a ss 
DNA host. The reason may simply be that ds DNA brings larger numbers of bases and 
phosphate groups to bear at the locus of binding. The case in which ss binding is most 
competitive occurs when GACGAC and T16 compete for Cu(T4). Here, however, well-
recognized factors destabilize interactions with the ds host.3,7 One originates in steric 
clashes, which occur at the periphery of the porphyrin and destabilize intercalative 
binding. An even more consequential weakening of external binding is due to the 
relatively high content of G≡C base pairs, which strengthen the double helical framework 
and inhibit the restructuring necessary for formation of a high-affinity binding pocket. 
Even here, the binding constant remains a factor of 1.9 smaller for binding to T16, and 
that comparison has to be regarded as qualified. The reason is the familiar onsets of 2:1 
adduct formation with the ss host. To see that this happens, recall the results in Table 5.2, 
which show that the 1:1 adduct of Cu(T4) with T16 produces a strictly hyperchromic 
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response. At the high host concentrations used in the competition experiments, however, 
a hypochromic effect clearly sets in and is attributable to 2:1 adduct formation.20 
 
5.5 Conclusions 
Previous studies involving 9-substituted acridines suggest that ss DNA hosts are 
better at internalizing a ligand encumbered by bulky substituents.13 However, absorbance 
and emission studies establish that the bulky Cu(T4) porphyrin binds externally to ss 
DNA hosts like T16 and (A2C2)4. On the other hand, pseudointercalation is the preferred 
binding motif for the less-substituted Cu(tD4) analogue, which also binds to ds DNA 
exclusively by intercalation.17 With Cu(tD4), binding to an ss DNA host produces a 
greater hypochromic response, consistent with the notion that a ds DNA host is less adept 
at exposing a lipophilic surface15 The binding constant for Cu(tD4) is nevertheless at 
least 10-fold greater for a 16-mer that folds into a hairpin structure, and the same trend 
almost always holds for Cu(T4) as well. The one exception identified so far occurs when 
Cu(T4) distributes between the G≡C rich hairpin GACGAC and T16. Even here, the 
binding constant for the ds host remains about two times higher, in spite of the fact that a 
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ABSTRACT: Absorbance, induced circular dichroism, and
emission studies establish that the tetrasubstituted cationic
porphyrin Cu(T4) preferentially binds externally to single-
stranded (ss) DNA sequences, except in a purine-rich system
like 5′-(dA)10-3′ where a degree of internalization occurs. On
the other hand, the sterically friendly, disubstituted Cu(tD4)
system exclusively binds to ss DNA by internalization, that is,
pseudointercalation. By and large the results show that double-
stranded DNA hosts decisively outcompete more flexible ss
hosts for the uptake of a porphyrin, regardless of the binding
motif. The findings are relevant because ss domains of DNA
appear during replication, in different types of DNA-secondary
structure, and as products of the disassembly of multistranded forms.
■ INTRODUCTION
Peripheral substitution has a dramatic impact on the binding of
cationic porphyrins to multistranded DNA hosts.1 Possible
applications of these systems in photodynamic therapy and in
antibacterial and anticancer regimens help motivate the work.2,3
Fiel and co-workers introduced the most commonly studied
ligand, 5,10,15,20-tetra(N-methylpyridinium-4-yl)porphyrin,4
or H2T4, depicted in Chart 1 as the copper(II)-containing
form Cu(T4). Depending on a number of factors, H2T4 and its
metal-containing forms engage in three different types of
binding with double-stranded (ds) B-form DNA: intercalation
between base pairs, external or groove binding, and/or outside
stacking.2,3,5 Retaining a bulky, H2T4-like platform, Marzilli and
co-workers have extended the aryl substituents so as to vary the
number and location of cationic charge centers.6 An alternative
approach is to reduce the number of substituents and curtail
steric demands, albeit at the cost of lowering the charge-derived
affinity for DNA.7−11
Single-stranded (ss) DNA belongs in the library of hosts
because it is present during replication as well as in various
types of DNA secondary structure.12 Binding interactions with
ss DNA potentially also affect melting processes and/or
encourage the disassembly of multistranded forms. In terms
of DNA structures, the ss form is probably the most flexible of
all and, as such, provides unrivaled access to individual bases.
Previous binding studies with ss DNA have dealt with ligands
ranging from acridines13 and thiazole orange14 to short
peptides15 and a cationic porphyrin.5 The ss DNA-binding
studies presented herein focus on copper(II)-containing forms
of H2T4 and trans-5,15-di(N-pyridinium-4-yl)porphyrin, or
Cu(tD4) in Chart 1. The copper(II) porphyrins are useful
because their unique emission properties help establish the
binding motif.7,8,16 More specifically, in order for the
copper(II) porphyrin to exhibit luminescence, the host must
internalize the ligand and protect the metal center from axial
attack of Lewis bases, including water. Pseudointercalation
between bases of ss DNA proves to be the preferred binding
motif for the Cu(tD4) system but impractical for the bulkier
form Cu(T4).
■ EXPERIMENTAL SECTION
Materials and Instrumentation. The DNA sequences were
products of Integrated DNA Technologies (IDT). The single-base
hosts included 5′-(dA)10-3′, 5′-(dC)10-3′, 5′- (dT)10-3′, 5′-(d T)16-3′,
5′-(dU)8-3′, and 5′-d(AACCAACCAACCAACC)-3′, abbreviated A10,
C10, T10, T16, U8, and [A2C2]4, respectively. The abbreviation A4C4A4
denotes the mixed-base host 5′-d(AAAACCCCAAAA)-3′. The 16-
mer, hairpin-forming sequences were 5′-d(GATTACttttGTAATC)-3′
and 5′-d(GACGACttttGTCGTC)-3′, where the lower-case letters
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designate an internal, loop-forming run of thymines, and the
abbreviated names for the hosts are TT[t4] and CG[t4], respectively.
Silanization solution (5% dichlorodimethylsilanes in n-heptane),
Trizma HCl, and Trizma Base came from Sigma. Mallinckrodt was
the source for potassium chloride (KCl), methanol (MeOH), and
hexanes; Koptec supplied ethanol. [Cu(T4)](NO3)4 and [Cu(tD4)]-
(NO3)2 were available from previous studies.
17 In terms of equipment,
the absorbance spectrophotometer was a Varian Cary 100. A Varian
Cary Eclipse with a R3896 phototube detector and a JASCO-J180 unit
served as the fluorimeter and spectropolarimeter, respectively. The pH
meter was a Fisher Accumet Basic AB15 model.
Methods. Equation 1 was useful for normalizing emission spectra
to a common absorbance value,18 where I′(λ) is the adjusted emission
intensity, IF(λ) is the measured emission intensity at wavelength λ, and










Equation 2 yielded the percent hypochromism, %H, where A(λ0) is the
maximum absorbance of the free porphyrin and A(λ′) is the maximum
absorbance of the bound form.
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Equation 3 allowed the conversion of circular dichroism (CD) data to
a Δε(λ) representation, where θ(λ) is the recorded value in
millidegrees, Q = 32 980 is a conversion factor, l is the path length
in cm, and c is the concentration of the absorbing species, porphyrin,
or DNA host.





A published method served for silanization of glassware.19 The solvent
used for the stock solution of [Cu(T4)](NO3)4 was 0.05 M
tris(hydroxymethyl)aminomethane (Tris) HCl buffer, while the
solvent for the stock solution of [Cu(tD4)](NO3)2 contains 50% by
volume methanol. The abbreviations used for the ions in solution are
Cu(T4) and Cu(tD4). The method used for carrying out
spectrophotometric titrations was as before,17 except here the KCl
concentration was 150 mM. The concentration of Cu(T4) was 3 μM
versus 2.5 μM for Cu(tD4). Competitive binding studies followed the
method of Thomas et al.20 By design in that experiment, the
concentration of each host present is always high enough (5 strands/
porphyrin) to take up all of the porphyrin. A comparison of the
responses obtained with the mixed-host solution and the two controls,
each containing only a single host, yields information about relative
binding constants. The total porphyrin concentration was always the
same. Overnight incubation at room temperature ensured complete
equilibration. Extinction coefficients used for obtaining concentrations
appear in Table 1.
Equation 4 serves for the calculation of the binding-constant ratio,
KH/KS, where KH (KS) is the formation constant for the 1:1 adduct of
porphyrin with a ds (ss) host.20 The definition of R appears in eq 5
where WH represents the fraction of porphyrin bound to the ds host in
a competition experiment. Finally, CH (CS) is the concentration of the



























With each ss DNA host, uptake of Cu(T4) induces a modest
bathochromic shift of 4−6 nm and a very weak emission signal
from the porphyrin (Table 2). Results in Figure 1A and Table 2
also reveal the Soret band generally exhibits a hyperchromic
response, much like one observes with external binding of
Cu(T4) to [poly(dA-dT)]2.
2,3,5 The exception involves the A10
host, which results in a hypochromic response. In all cases the
induced circular dichroism (iCD) signals in the Soret region are
negative and extremely weak (Figure 2), consistent with what
Pasternack et al. reported for Pt(T4) interacting with
poly(dA).5 The results are very different for the uptake of
Cu(tD4). First, hypochromic responses generated are much
larger, ranging from 40 to 80% in the Soret region (Table 2 and
Figure 1B), even though the bathochromic shifts remain
modest at 6−8 nm. As is evident in Figure 1B, the hypochromic
effect is particularly strong when the host is A10. Another
marked difference is that the bound forms of Cu(tD4) exhibit
much stronger emission signals. Figure 3 reveals that binding to
A10 induces an emission signal from Cu(tD4) that is 10 times
stronger, per unit absorbance, than that obtained from Cu(T4)
under similar conditions. Indeed, the absorbance-corrected
emission signal obtained with A10 is comparable to those
observed from Cu(tD4) intercalated into double-stranded
DNA hosts (Table 2).17 Other single-stranded hosts also
protect the copper center from attack by Lewis bases but not as
effectively. In particular, interaction with U8 produces an
emission signal that is about 50% weaker, while those obtained
with C10 and T10 are of intermediate strength (Table 2). In
terms of iCD signals, Figure 2 reveals the uptake of Cu(tD4)
produces positive iCD signals in the Soret region. As recorded
in Table 2, the highest amplitude iCD signals occur when the
host is T10 or C10, while A10 generates the weakest response.
Another curious finding is that the iCD signal generally
maximizes at a longer wavelength than the Soret absorption, by
ca. 10 nm.
The data in Table 2 pertain to limiting spectra obtained for
1:1 binding in the presence of excess host, while Figure 4A
shows what one finds in a titration of Cu(tD4) with the T10
host. This system is actually atypical; not surprisingly, the only
other system that behaves similarly entails Cu(tD4) combining
with the T16 host. Figure 4B illustrates the pattern of
absorbance changes one normally finds when Cu(tD4)
combines with a ss DNA host. Thus, upon addition of U8,
the system begins to exhibit limiting behavior by the point at
which a stoichiometric number of strands is present in solution.
In contrast, with T10 as the host, the absorption spectrum varies
significantly as the DNA-host-to-porphyrin ratio changes.
Figure 4A reveals that at low concentrations of host, the shift
Table 1. List of Molar Extinction Coefficients









Cu(T4)a 2.31 × 105
Cu(tD4)b 1.37 × 105
aWavelength of 424 nm. bWavelength of 410 nm in 50% by volume
methanol.
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is hypsochromic rather than bathochromic, and the hypo-
chromic effect is comparatively large. Only later in the titration,
when excess T10 is present, does the shift become bathochromic
as the system approaches the limiting absorption spectrum.
Shelton et al. have observed similar behavior in binding studies
involving double-stranded hosts.9 There is no perceptible
change in the CD spectrum in the UV region, but there are
always many more DNA bases present than porphyrin in
solution.
Finally, competitive binding studies reveal the relative
affinities the porphyrins have for a ds as opposed to a ss
DNA platform. The experiment involves allowing Cu(tD4) and
Cu(T4) by turns to equilibrate in a solution containing both a
large excess of a single-stranded host, generally T16, and a DNA
hairpin such as TT[t4]. Hairpin-forming sequences make useful
DNA hosts because the double-stranded stems readily takes up
porphyrin ligands.7,21 For the competition experiment a 16-mer
like T16 is the ss substrate of interest so that both hosts contain
Table 2. Physical Dataa for Cu(T4) and Cu(tD4) Interacting with ss DNA Hosts, Except as Noted
absorbance emission circular dichroism
porphyrin DNA Δλ, nmb %H λem, nm int. λext, nmc Δε, M−1 cm−1
Cu(T4)d T10 4 −8 795 0.5 427 −2
U8 5 −8 795 0.4 425 −2
C10 6 0 800 0.4
A4C4A4 5 7 800 0.5 433 −10
A10 4 13 803 0.4 433 −6
T16 4 −18 422 −3
[A2C2]4 4 8 800 0.5 428 −9
TT[t4]
e 5 2 <0.5 420 15
CG[t4]
e 10 34 2.3 436 −29
Cu(tD4)f T10 8 40 795 3. 425 20
U8 6 65 810 2. 425 8
C10 6 55 795 3. 425 16
A4C4A4 11 40 795 3. 435 12
A10 9 85 820 4. 440 2
T16 4 13 425 23
TT[t4]
e 16 24 3.7 415 −20
CG[t4]
e 16 28 4.8 414 −10
aData correspond to limiting spectra obtained at high strand-to-porphyrin ratios. bBathochromic shift in Soret peak. cWavelength where max or min
occurs in iCD spectrum. dSoret maximum at 424 nm in buffer. eResults with DNA hairpin.17 fSoret maximum at 410 nm in 50% MeOH.
Figure 1. (A) Absorbance of 3.0 μM Cu(T4) without DNA (,
black), with 24 μM T10 (, blue), with 24 μM C10 (, red), and with
24 μM A10 (- - -), all in 0.05 M pH 7.5 M Tris buffer containing 150
mM KCl. (B) Absorbance of 2.5 μM Cu(tD4) with 24 μM T10 (,
blue), with 24 μM C10 (, red), with 24 μM U8 (, green), and with
24 μM A10 (- - -), all in 0.05 M pH 7.5 M Tris buffer containing 150
mM KCl. However, the no-DNA reference solution (, black)
contains 50% MeOH. DNA host concentrations in moles strand per
liter.
Figure 2. Induced circular dichroism of 3.0 μM Cu(T4) in the
presence of T10 (, blue) as well as A10 (, black) at strand
concentrations of 24 μM; and iCD spectra of 2.5 μM Cu(tD4) in the
presence of T10 (- - -, blue) as well as A10 (- - -), again at 24 μM strand
concentration.
Figure 3. Relative emission spectra of 2.5 μM Cu(tD4) (, black)
and 3.0 μM Cu(T4) (□) in the presence of 24 μM A10. The
dashed trace connotes there is no signal from either porphyrin in the
absence of DNA.
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the same number of bases. The other hairpin used is CG[t4].
The latter is an apt choice because Cu(T4) binds by
intercalation due to the larger number of G≡C base pairs in
the stem.7,17
The first finding of note is that TT[t4] decisively out-
competes T16 for both copper-containing porphyrins. Figure 5
presents data from competition experiments involving Cu-
(tD4). Analysis of the CD results is convenient because both
hosts internalize Cu(tD4) but induce iCD signals of opposite
sign. Tellingly, for the mixed-host solution containing T16 and
TT[t4], the iCD signal is negative and reveals no hint of the
adduct formed with T16. The signal-to-noise ratio is inherently
rather low because the measurement involves measuring the
difference between two comparatively large absorbances.
Nonetheless, within the error a least-squares analysis finds no
hint of a signal from the T16 adduct, and a conservative
estimation is that the binding constant is at least 10 times
higher for the hairpin host. The bulkier Cu(T4) system is quite
interesting because it binds externally to each host, and each
once again induces iCD signals of the opposite sign. Binding to
the ds host still dominates because the iCD signal is strictly
positive if the solution contains either a mixture of T16 and
TT[t4] or TT[t4] only.
In the competition involving Cu(T4) and CG[t4] along with
T16 as hosts, an analysis based on absorbance data is possible
because of the shifts that occur when the porphyrin intercalates
into ds DNA. Here binding to the ss host is more competitive,
and the ratio of the apparent binding constants is only 1.9 ± 0.1
in favor of the CG[t4] host. See Figure 6 for a presentation of
the calculated and experimental spectra involved. In contrast,
the sterically friendly Cu(tD4) system persists in showing a
higher binding constant for the ds host CG[t4] by a factor of at
least 10 to 1. Thus, of the four systems studied binding to the ss
host T16 is truly competitive only when the bulky Cu(T4)
system has the opportunity to bind externally to T16 or
intercalate into the CG[t4] host. The CG[t4] host fares much
better in a competition for Cu(T4) with the 16-mer [A2C2]4, as
the binding constant ratio is at least 10 times greater for
binding to the hairpin. Thus, incorporating bicyclic adenines
into the sequence suppresses binding to the ss host.
■ DISCUSSION
Choices of Hosts. While poly(dT) and poly(dA) would
both be serviceable single-stranded hosts,1 shorter oligonucleo-
tides with specified lengths, like T10 and A10, are attractive
alternatives. One reason is that physiologically important
structures like a transcription bubble present ss DNA segments
of limited length. The lengths of the hosts employed herein are
admittedly arbitrary, but runs of 8−12 nucleotides are certainly
reasonable choices in view of published estimates that
intercalative or external binding of H2T4 derivatives typically
encompasses anywhere from 2−4 base pairs of ds DNA.22−24
Including an oligonucleotide with uridine bases instead of
thymine bases is worthwhile because the extra methyl group on
thymine may impact the uptake of a bulky porphyrin for steric
reasons.25 Few of the oligonucleotides in Table 1 incorporate
guanine as a base because the focus is on binding interactions
Figure 4. (A) Absorbance spectra of 2.5 μM Cu(tD4) with 2 μM (- -
-), 6 μM ( · ·), 12 μM (, green), 20 μM (, blue), and 24 μM
(, red) T10 in 0.05 M pH 7.5 M Tris buffer containing 150 mM KCl.
(B) Absorbance spectra of 2.5 μM Cu(tD4) with 8 μM (, gray), 12
μM (, green), 20 μM (, blue), and 24 μM (, red) U8 in 0.05 M
pH 7.5 M Tris buffer containing 150 mM KCl. The no-DNA reference
solutions contain 50% by volume MeOH with buffer.
Figure 5. Competition study monitored by iCD: involving Cu(tD4)
interacting with excess ss T16 (−, thin), excess TT[t4] (, thick), a
mixture of both hosts (- - -, thin), and a control solution containing
only the porphyrin (- - -, thick). The deviation of the latter from the
zero line gives an idea of the inherent error in the measurement.
Figure 6. Competition study monitored by absorption spectroscopy:
3.0 μM Cu(T4) (, black), interacting with 15 μM ss T16 (, red),
15 μM CG[t4] (, blue), and a mixture 15 μM in both hosts (- - -).
The diamond (⧫) symbols designate calculated points from the least-
squares fit.
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with ss DNA. With guanine-rich sequences self-association is
common due to favorable stacking interactions and numerous
options for base-to-base hydrogen bonding.26 Electrophoresis
shows, for example, that T6 migrates as a monomer, but G6
migrates as a higher molecular weight species.27 In practice,
poly(A) is also capable of self-association but normally only at
low pH.28
In terms of ds DNA, the TT[t4] and CG[t4] systems are ideal
for competition studies. The reason is comparisons are more
straightforward when the two kinds of hosts involved have
commensurate numbers of bases; however, the formation
constants for duplexes with such short runs of nucleotides are
quite low.29 Fortunately, utilizing an appropriate hairpin-
forming sequence solves the problem,21,30 and a hairpin like
TT[t4], depicted schematically in Chart 1, is an apt choice for a
number of reasons. One reason is that the presence of a tight
5′-t4-3′ interior loop domain helps stabilize the hairpin
structure and minimizes the opportunities for loop-based
binding.30 Closing C≡G base pairs at either end of the stem,
and especially at the loop end, also limits fraying of the ds
domain.31 Multiple reports have, in fact, established the viability
of hairpins as ds hosts, as DNA intercalators generally target the
stem domains.17,21,32,33 Beyond that, studies of the ligands
H2T4, Cu(T4), and Pd(T4) interacting with programmable
hosts like TT[t4] and CG[t4] have established that the base
composition of the stem domain completely determines
whether the porphyrin binds by intercalation or externally.8,17,34
Binding Motif. Spectroscopic methods can be reliable
indicators of the binding motif a cationic porphyrin adopts
when interacting with a nucleic acid host.3,6,35−38 In light of the
extremely intense electronic spectrum, it is not surprising that
absorption spectroscopy has been one of the most often applied
methods. In the region of the Soret absorption, for example,
sizable bathochromic and hypochromic effects occur when the
porphyrin internalizes into a host and stacks amidst aromatic
base residues.3,11,35 In contrast, external binding induces a
smaller bathochromic shift and little or no hypochromism, by
virtue of weaker coupling with the bases. Luminescence studies
of copper(II) porphyrins are also diagnostic. Although the
porphyrin-based phosphorescence is weak, at best, by
comparison with the fluorescence of the unmetalated
porphyrin, the signal from the copper(II) form is uniquely
sensitive to the local environment and indicative of internal-
ization into the host. The unusual sensitivity comes about
because interaction of the copper(II) center with any
coordinating agent, including a solvent molecule, results in
extremely efficient emission quenching.3,7,9,16,17,39 As a
consequence, only internally bound copper porphyrins are
emissive, due to shielding by DNA or RNA bases. Externally
bound forms are effectively nonemitting.16,17,37
Spectral comparisons clearly reveal that Cu(T4) and
Cu(tD4) interact very differently with ss DNA hosts. In the
case of Cu(T4), the binding-induced changes in absorbance
and emission spectra are very modest and consistent with
external binding. The lone exception is the interaction with A10,
which produces a significant hypochromic response. In keeping
with results previously reported for poly(dA),5 this host is one
that could plausibly support internalization/pseudointercalation
of Cu(T4) due to the presence of the large-surface-area,
bicyclic, adenine bases. Even with A10, however, the bound
form of Cu(T4) does not exhibit a significant emission signal.
In contrast, even all-pyrimidine hosts clearly internalize
Cu(tD4) as evinced by the strength of the emission signals
and the hypochromic responses. The magnitude of the
hypochromism strongly suggests that bases of the host extend
over both the top and bottom faces of the bound form of
Cu(tD4). Hypochromic responses recorded in Table 2, in fact,
exceed those observed with ds DNA hosts.8,17 With an ss host,
achieving an induced fit of the porphyrin7,40 may be an easier
proposition because there are no base-pairing constraints.13
Top-and-bottom stacking, or pseudointercalation, is clearly a
plausible mode of binding for Cu(tD4) because base stacking
within runs of ss DNA often gives rise to local helix
formation.5,41 However, as with B-form DNA, the bulky
Cu(T4) system usually binds externally for steric reasons.
Recognizing the steric issues posed by H2T4-like porphyrins,
early workers focused on the fact that all four N-
methylpyridinium-4-yl substituents must twist out of the
plane of the porphyrin core to avoid clashes involving ortho
groups.4,7,42 The analogous porphyrin with four N-methylpyr-
idinium-2-yl substituents in place is so rigid that it is altogether
incapable of intercalating into B-form DNA.23 Clashes with
sugar−phosphate residues can also be problematic as revealed
by an X-ray crystallographic study of the adduct formed by
Cu(T4) and a B-form host.43 Finally, published molecular
dynamics calculations suggest there are unfavorable steric
contacts with methyl groups on thymine when H2T4
intercalates amidst alternating A=T base pairs.44
Thomas and McMillin later compared the binding of H2T4
with B-form hosts that had U=T instead of A=T base pairs, but
they found no difference in binding motif.20 They concluded
that the steric influence of the methyl group at the C5 position
of thymine could not be the reason the porphyrin opts for
external binding as opposed to intercalation between A=T base
pairs. However, the steric demands of the thymine methyl
group originally recognized by Ford et al.44 may actually
influence binding to ss hosts by limiting the extent of stacking
with the porphyrin ligand. The telling indicator is that the
hypochromic effect observed with U8 greatly exceeds that
obtained with T10 or T16 (Table 2). As revealed in Figure 4, the
hypochromic effect is actually much greater with T10 at low
host concentration; however, the enhanced hypochromism
cannot be due to interaction with DNA bases, because the
Soret band experiences a hypsochromic as opposed to a
bathochromic shift. The same phenomenon can occur during
titrations involving B-form DNA hosts, especially with low-
charge-bearing, sterically friendly porphyrins like Cu(tD4),9,28
due to exciton coupling between near-neighbor porphyrins.
Cooperative uptake facilitates near-neighbor binding and
promotes porphyrin−porphyrin interactions. Cooperative bind-
ing is likely when the structural reorganization that attends the
binding of one ligand facilitates the uptake of the next; Giri et
al. has reported the same effect occurs with ligand binding to
poly(rA).45 Later in the titration, when excess T10 is present in
solution, the hypochromism becomes less pronounced as
entropy encourages ligand migration to separate domains
(Figure 4). Ligand−ligand coupling can also give rise to a
characteristically bisignate, or conservative iCD signal;9,28
however, there is no indication of a bisignate iCD signal
during the titration with T10. The relatively flexible T10 system
may simply be incapable of maintaining a chiral relationship
between near-neighbor ligands in the same way a ds host can.
Competitive Binding and iCD Spectroscopy. In a
competition study the iCD spectrum can be quite informative
because the free porphyrins are achiral so that adduct formation
is completely responsible for signal generation. In a simple
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dipole-allowed electronic absorption, the ground and excited
state wave functions must interfere with each other and
generate, at least transiently, a net charge displacement along
some axis of the molecule.46 To observe circular dichroism, on
the other hand, the charge flow must be somewhat helical.47 A
common method of inducing a CD signal is via exciton
coupling to a chirally related chromophore of the host,48,49 but
it is also possible for binding to DNA to induce a chiral
distortion in the porphyrin itself.34,50 Predicting the response is
not easy, and the contribution from excitonic coupling depends
critically on the relative orientations of the transition moments
involved. Indeed, reorientation of the chromophore relative to
the bases of the host explains why the iCD response differs
markedly when actinomycin D binds by intercalation into ds
DNA as opposed to pseudointercalation into ss DNA.51 With
porphyrins, for which absorption is electron-dipole allowed in
any in-plane direction, the analysis is almost always
empirical.52,53 One rule of thumb is that H2T4 and its
metalated forms exhibit negative iCD signals when they
intercalate into ds DNA.7,22,35 On the other hand, external
binding frequently induces an iCD signal with a positive sign.
The signal is sometimes bisignate, perhaps because the
geometry of the externally bound adduct is more variable.21,54
Since excitonic interactions with the DNA bases are apt to be
weaker with external binding, it is also possible that a chiral
distortion, imposed by the induced fit,7 may be an important
factor determining the response.
Even if the understanding of the induction mechanism(s)
remains incomplete, the iCD signal can be useful for analyzing
the results of a competitive binding experiment. As the signal-
to-noise ratio is inherently greater in absorption spectroscopy,
however, the latter technique offers better precision when the
two types of adducts exhibit very distinctive absorption spectra.
Regardless of the method used, however, analysis reveals that
Cu(tD4) and Cu(T4) consistently show a preference for
binding to a ds as opposed to a ss DNA host. The reason may
simply be that ds DNA brings larger numbers of bases and
phosphate groups to bear at the locus of binding. The case in
which ss binding is most competitive occurs when CG[t4] and
T16 compete for Cu(T4). Here, however, well-recognized
factors destabilize interactions with the ds host.3,7 One
originates in steric clashes, which occur at the periphery of
the porphyrin and destabilize intercalative binding. An even
more consequential weakening of external binding is due to the
relatively high content of G≡C base pairs, which strengthen the
double helical framework and inhibit the restructuring
necessary for formation of a high-affinity binding pocket.
Even here, the binding constant remains a factor of 1.9 smaller
for binding to T16, and that comparison has to be regarded as
qualified. The reason is the familiar onset of 2:1 adduct
formation with the ss host. To see that this happens, recall the
results in Table 2, which show that the 1:1 adduct of Cu(T4)
with T16 produces a strictly hyperchromic response. At the high
host concentrations used in the competition experiments,
however, a hypochromic effect clearly sets in and is attributable
to 2:1 adduct formation (Figure 6).20
■ CONCLUSIONS
Previous studies involving 9-substituted acridines suggest that
ss DNA hosts are better at internalizing a ligand encumbered by
bulky substituents.13 However, absorbance and emission studies
establish that the bulky Cu(T4) porphyrin binds externally to ss
DNA hosts, except in the case of a purine-rich host such as A10.
Even with A10, internalization is modest as judged by the extent
of emission quenching, which suggests the copper(II) center is
readily accessible. On the other hand, pseudointercalation is the
preferred binding motif for the less-substituted Cu(tD4)
analogue, which also binds to ds DNA exclusively by
intercalation.17 Here, however, sterically active groups of the
host, namely, the C5 methyl of thymine, affect the binding.
This is clear from the fact that interaction with the ss U8 host
induces a much greater hypochromic effect on Cu(tD4) than
does binding to the T10 analogue. With Cu(tD4), binding to an
ss DNA host produces a greater hypochromic response,
consistent with the notion that a ds DNA host is less adept
at exposing a lipophilic surface.15 The binding constant for
Cu(tD4) is nevertheless at least 10-fold greater for a 16-mer
that folds into a hairpin structure, and the same trend almost
always holds for Cu(T4) as well. The one exception identified
so far occurs when Cu(T4) distributes between the G≡C rich
hairpin CG[t4] and T16. Even here, the binding constant for the
ds host remains about two times higher, in spite of the fact that
a second molecule of T16 begins to associate with the porphyrin
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